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FOREWORD
This dissertation describes two individual projects, studies of 
free radicals produced from ozone-olefin reactions and free radicals 
in cigarette smoke. For that reason, the material will be presented 
in two parts with the various lists of figures, tables, etc., also 
presented separately. Similarly, as indicated in the Table of 
Contents, the references for the two parts are listed separately. 
Part I, the study of the reactions of ozone, begins on page 1 while 
Part II, the study of cigarette smoke, begins on page 176.
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ABSTRACT
A novel technique is presented that allows detection of free 
radicals from ozone-olefin reactions for the first time. Olefins are 
ozonated at -7Q°C, the unreacted ozone removed, the spin trap added, 
and the solution warmed. The radicals spin trapped indicate that 
trioxygenated intermediates are produced that decompose to radicals on 
warming. Ozonation of cyclic acetals by this procedure yields acyl 
hydrotrioxides that decompose on warming to produce hydroperoxyl radi­
cals , H00’.
Alkoxyl radicals are spin trapped when mainstream cigarette smoke 
is bubbled through PBN solutions while acyloxyl radicals are trapped 
from sidestream smoke. Stable radicals detected in tar are found by 
fractionation to be similar to the animal pigment, melanin.
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MATERIALS - PART I
Acetone, 99+%, was purchased from Aldrich Chemical Co. and 
used without further purification.
Azo-Isobutane, was purchased from Fairfield Chemical Co. and 
distilled (30°C/25mm) prior to use.
Benzaldehyde, 98+%, was purchased from Aldrich Chemical Co. 
and purified by preparatory gas. chromatography (15% SE-30/ 
firebrick) prior to use.
Benzene, 99+%, was purchased from Aldrich Chemical Co. and 
used without further purification.
tert-Butyl Hydroperoxide, was purchased from Aldrich 
Chemical Co. and distilled (30°C/16 mm) prior to use.
1.3-Cyclohexadiene, 96%, was purchased from Aldrich Chemical 
Co. and purified by preparatory gas chromatography (15% SE-30/ 
firebrick) prior to use.
1.4-Cyclohexadiene, 97%, was purchased from Aldrich 
Chemical Co. and purified by preparatory gas chromatography (15% 
SE-3O/firebrick) prior to use.
Cyclopentane, 98%, was purchased from Phillips Petroleum Co. 
and distilled (50°C/760mm) prior to use.
3,3-Dimethyl-1-butene, 95%, was purchased from Aldrich 
Chemical Co. and purified by preparatory gas chromatography (15% 
SE 30/firebrick) prior to use.
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2.2-Dimethyl-1,3-dioxolane, was purchased from Aldrich 
Chemical Co. and purified by preparatory gas chromatography (15% 
SE 30/firebrick) prior to use.
DMPO, 5,5-Dimethyl-1-pyrroline-N-oxide, 97+%, was purchased 
from Aldrich Chemical Co. and chromatographed through 10% acti­
vated charcoal in Celite prior to use,
1.3-Dioxolane, 99.5+%, was purchased from Aldrich Chemical 
Co. and washed with 10% HCl, dried, and distilled (76°C/760mm) 
prior to use.
DPPH, 1,1-Diphenyl-2-picrylhydrazyl, 98%, was purchased from 
Aldrich Chemical Co. and used without further purification.
Di-tert-butyl peroxide, was purchased from Lucidol and 
distilled (30°C/20 mm) prior to use.
Ethylene glycol, 99+% was purchased from Aldrich chemical 
Co. and used without further purification.
Freon-11, was purchased from Kaiser Chemical Co. and 
distilled (25°C) and treated with ozone prior to use.
3-Heptene, was purchased from Columbia Organic Chemicals Co. 
and purified by preparatory gas chromatography (15% SE-30/ 
Firebrick) prior to use.
1.4-Hexadiene, 99%, cis and trans, was purchased from 
Aldrich Chemical Co. and purified by gas chromatography (15% 
SE-30/Firebrick) prior to use.
cls-2-tranB-4-Hexadiene, 99%, was purchased from Aldrich 
Chemical Co. and purified by preparatory gas chromatography prior 
to use.
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n-Hexane, 99+%, was purchased from Aldrich Chemical Co. and 
used without further purification.
cis-3-Hexene, was purchased from Aldrich Chemical Co. and 
purified by preparatory gas chromatography (15% SE-30/Firebrick).
trans-3-Hexene, 99+%, was purchased from Aldrich Chemical 
Co. and used without further purification.
Isooctane, 99+%, was purchased from Aldrich Chemical Co. and 
used without further purification.
Iilnoleic Acid, was purchased from Sigma Chemical Co. and 
purified according to the method described in Subsection 2.4.2 of 
the Experimental Section.
2-Methyl-2-nitrosopropane, 99+%, was purchased from Aldrich 
Chemical Co. and used without further purification.
3-Methyl-1-hexene, was purchased from Aldrich Chemical Co. 
and purified by preparatory gas chromatography (15% SE-30/ 
Firebrick).
Methyl linoleate, was purchased from Sigma chemical Co. and 
purified according to the method described in Subsection 2.4.2 of 
the Experimental Section.
Methyl oleate, 99+%, was purchased from Sigma Chemical Co. 
and used without further purification.
2-Methylpentane, 99%, was purchased from Aldrich Chemical 
Co. and used without further purification.
2-Methyl-2-Pentene, was purchased from Aldrich Chemical Co. 
and purified by preparatory gas chromatography (15% SE-30/ 
Firebrick).
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n-Pentane, 99%, was purchased from Aldrich Chemical Co. and 
used without further purification.
trans-2-Pentene, was purchased from Aldrich Chemical Co. and 
purified by preparatory gas chromatography (15% SE-30/Firebrick).
N-Phenyl-N-tert-butyl nitrone (PBN), was purchased from 
Eastman Kodak Co. and used without further purification.
Propanal, was purchased from Aldrich Chemical Co. and 
purified by preparatory gas chromatography (15% SE-30/Firebrick).
Stearic Acid, 95%, was purchased from Aldrich Chemical Co. 
and used without further purification.
Tetramethylethylene (2,3-Dimethy1-2-butene), 97%, was 
purchased from Aldribh Chemical Co. and purified by passage
i
through activated alumina followed by preparative gas chroma­
tography (15% SE-30/Firebrick).
Toluene, was purchased from Aldrich Chemical Co. and used 
without further purification.
All other chemicals used were reagent grade or better.
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MATERIALS - PART II
Benzyl alcohol, 99+%, was purchased from Aldrich Chemical Co. and 
used without further purification.
tert-Butylbenzene, 99%, was purchased from Aldrich Chemical Co. 
and used without further purification.
Cambridge filters, 49 mm diameter, were purchased from Phibbs and 
Byrd Co.
Cyclohexane, 99+%, was purchased from Aldrich Chemical Co. and 
used without further purification.
1,1-Diphenyl"2-picrylhydrazyl, 98%, was purchased from Aldrich 
Chemical Co. and used without further purification.
Methanol, 99+%, was purchased from Aldrich Chemical Co. and used 
without further purification.
Nitromethane, 99%, was purchased from Aldrich chemical Co. and 
used without further purification.
N-Phenyl-N-tert-butyl nitrone (PBN), was purchased from Eastman 
Kodak Co. and used without further purification.
Research cigarettes, grade 1R1, were supplied by the University of 
Kentucky Health Research Institute.
Superoxide dismutase, was a gift from Dr. James McCord.
All other chemicals used were reagent grade or better.
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INTRODUCTION
For over one hundred years, the study of the reactions of ozone 
with various types of organic and inorganic compounds has stimulated 
considerable scientific interest and controversy^. Despite many 
important gains, ozone chemistry remains a fertile area of study for 
both chemists and environmentalists^'3.
1.1 OZONE AS AN ENVIRONMENTAL POLLUTANT
The health hazards associated with breathing parts per million 
(ppm) levels of ozone have received considerable attention within the 
past several years3"®. Ozone is present in the lower atmosphere at 
an average concentration of about 0.01 to 0.02 ppm®, making it one 
of the most ubiquitous pollutants known. In addition, the level of 
atmospheric ozone in large metropolitan areas such as Los Angeles can 
reach 0.2 ppm on days in which atmospheric conditions are conducive^.
Ozone is a major contributor to the breathing discomforts 
experienced by persons forced to breathe smoggy air3'^'5'®"^®. 
Breathing parts per million levels of ozone results in both macrosco­
pic and microscopic damage, including the production of bronchial 
lesions3' 1-15. decreased enzyme activity in acute exposure^®"3® 
and increased activity in long-term exposure31~25. an^ alterations 
in the activities of the immune system3'3®”3®. Ozone also reacts 
further with other environmental pollutants to produce materials that 
are harmful to animals and plants39.
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1.2 OZONE AS A CHEMICAL SUBSTANCE
Ground state ozone lias three oxygen atoms in a chain with 
oxygen-oxygen bond lenghts of 1.278 A and a bond angle of 116° 45'30. 
The ozone molecule exhibits no measurable paramagnetism^'3® and 
theoretical calculations predict a singlet diradical structure for the 
ozone molecule31. The three oxygen atoms are sp2 hydridized to form a 
molecule with five lone pairs: two on each terminal oxygen and one on
the apical oxygen; there are four pi electrons shared among the three 
atoms^. The four resonance structures for the ozone molecule shown 
below suggests, probably correctly, that the principle ozone reactions 
should be as a 1,3-dipole^»32.
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1.3 THE REACTIONS OF OZONE
1.3.1 The Reactions of Ozone with Sigma Bonds
Ozone reacts with alkane carbon-hydrogen bonds fairly slowly, at 
room temperature33'34, with rate constants that are about lO^-IO6 
times slower than the corresponding reaction of ozone with olefins38. 
The products of the 03-alkane reactions are generally hydroperoxides, 
peroxides, alcohols, and ketones^'32-34'38.
There has been considerable debate as to the exact mechanism of 
the initial attack of the ozone molecule on the C-H bond^'34'3^'38. 
There are four possible modes of attack on a generalized alkane,
R3CH 34-39. proton abstraction (Eg. 1), hydrogen abstraction (Eq. 2,)
hydride abstraction (Eq. 3), and concerted insertion into the C-H bond 
(Eq. 4).
R3C-H + 03 ------------ > r3c- + Ho3+ (1)
" "  > R3C* + H03 * (2)
" "  > R3C+ + H03" (3)
" "  > R3C03H (4)
±
The fragment pairs in Eqs.1-3 would then be expected to recombine to 
form a hydrotroxide (_1_'. (It appears likely, however, that only 
Eq. 3 is thermo chemically feasible3^.) Following its formation, 
then decomposes via either Eq. 5 or Eq. 6 .
±  -------- > R3C-0* + H00* (5)
± -------- > R3C-00* + HO* (6 )
The radicals, R ‘, produced in either Eq. 5 or Eq. 6 (R* = R3C-0‘, 
HOO•, R3C-00 *, or HO *) then are able to react with more substrate to 
initiate autoxidation^®-^®:
R* + R3C-H  > R-H + R3C* (7)
R3C* + 02 ------------ > R3C-00* {8 )
R3CO0* + R3C-H ------- > R3COOH + R3C* (9)
Thus far, there has been no direct evidence for the formation
of the hydrotrioxide, 1^, as an intermediate in the ozonation of 
alkanes33. Hydrotrioxides have been observed by NMR, however, in the 
low temperature ozonation of cyclic acetals^®”3^, aldehydes®2-3^ ( 
and ethers®®'3^, and have been implicated in the low temperature 
ozonations of alcohols®® and amines®®'®®. In each of these 
experiments, the hydrotrioxide exhibits a characteristic proton HMR 
absorbance at 6 13•1^®,56,57.
The decomposition of the cyclic acetal, aldehyde, and ether 
hydrotrioxides have been studied and the kinetic parameters 48#49#
56#57 an<j products from their decompositions47-49 have been deter­
mined. Each has been observed to decay with first order kinetics and 
the Arrhenius energies of activation, Ea, and pre-exponential factors, 
A, fall within the range expected for homolysis of a trioxygen bond®7# 
38,61. in addition, decomposition of several acetal hydrotrioxides 
results in products that can be accounted for most easily by a 
radical-mediated mechanism49. Nevertheless, there has been, thus far, 
no direct evidence demonstrating the involvement of free radicals in 
these decompositions.
1.3.2 The Reaction of Ozone with Pi Bonds
Ozone reacts primarily with carbon-carbon double bonds^'®3-®4' 
although the slower ozonation of alkynes does occur®® and seems to 
involve free radical intermediates in both gas phase®® and liquid 
phase reactions. The attack on carbon-carbon double bonds is, by far, 
the most facile reaction of ozone, proceeding at rates that are much 
faster than its reaction with even the most reactive C-H bond®®-®®.
The mechanism of the ozone-olefin reaction has received much 
attention in the last century^ #2,64,67-72. almost universally
accepted mechanism for the principal reaction between ozone and ole­
fins is that proposed by Criegee7® and confirmed by several others 
74-76. The initial step in the Creigee mechanism involves an 
electrophilic attack of ozone on the olefinic double bond^, possibly 
intermediated by a pi®3 '77 or sigma78 complex, to form a 1,2,3- 
trioxolane, the primary ozonide (2_) i
5[
O3 "i O ^0
| -------------- >^i —  (10)
2
The primary ozonides are stable at low temperatures^. Most 
decompose above -100°C, although the primary ozonide of 1,2-di-tert- 
butyl ethylene is stable up to -60°C^'88. At higher temperatures, 
the primary ozonides spontaneously decompose to form carbonyl com­
pounds, either aldehydes or ketones, and carbonyl oxides (3^'^3*
2 ------- > ^ c=0 +^C+-0-0" (11)
3
The carbonyl oxide, as the name implies, is an oxide of a car­
bonyl compound and is generally illustrated with one of the following 
dipolar structures (3a or 3b)^'8 .^
^C+-0-0" ^c=o+-o" ^c-O-O .
o
3a 3b 3c 4_
However, it is isoelectronic with ozone and has also been shown, by 
theoretical calculations, to possess singlet diradical character 
(structure 3c) in the gas phase8 82. The carbonyl oxide may exist 
as the more stable dioxirane (£)8 which is a cyclic form of 3^ 
although the energy barrier to formation of 4^ from any of the linear 
forms is high (ca. 27 kcal/mole)8^'82.
The carbonyl oxide is a very reactive intermediate that does not 
attain a sufficiently high concentration for direct observation 
1,82# (its existence was proven by its facile reaction with metha­
nol, even at very low temperature, to produce an a-hydroperoxy
alcohol83.) When formed in solution, quickly reacts with a car­
bonyl compound, if one is present, to produce the secondary, or
Alternatively, the carbonyl oxide, in the absence of a sufficiently 
reactive carbonyl compound, dimerizes, polymerizes, or cyclizes to 
form a multitude of oxygenated materials within the ozonation solut-
• 1,83ion .
1.4 FREE RADICALS FROM OZONE-OLEFIN REACTIONS
W
k
1.4.1 Inferential Evidence
Despite the enormous support for the Criegee mechanism for the 
reaction of ozone with olefins, there exists a growing body of 
inferential evidence indicating that free radicals are involved in 
these reactions8'84-88. For example, ozone, added to the initiating 
air stream, shortens the induction period that is observed in the 
autoxidation of polyunsaturated fatty acids (PUFA)8^ and the rate 
of formation of conjugated diene hydroperoxides, products of the 
autoxidation of PUFA88'88, is proportional to the square root of 
the ozone concentration in the airstream84'88'8?. Animals exposed 
to air containing ozone exhibit increased concentrations of ethane 
and pentane in their expired breath, indicators of free radical acti-
Criegee, ozonide
3 +^C=0 ---> (1 2)
(5)
vity^0'^-!. and show an increase in malonaldehyde, a product of lipid 
peroxidation®^ t in their lungs®®. Antioxidants such as vitamin E pro­
tect both in vitro®4'®® and in vivo®®-®® systems against the harmful 
effects of ozone.
Wei and Cvetanovic studied the reaction of ozone with a series of 
olefins in the gas phase and observed a number of "anomalous" products 
that could not be easily rationalized without invoking a free radical 
mechanism^®®* In addition, these authors reported that greater than 
stoichiometric amounts of the olefins were consumed in the presence of 
oxygen while the ozone-olefin stoichiometry was 1:1 in the absence of 
oxygen. They attributed the effect of oxygen to a secondary attack of 
oxygen on the olefin and suggested that rearrangements of the carbonyl 
oxides accounted for the anomolous products.
The most often cited report of the direct detection of free radi­
cals arising from an ozone-olefin reaction is that of Goldstein et 
al.Ttn. These authors reported a study in which they bubbled an 
ozone-air mixture through neat linoleic acid held in the cavity of an 
electron spin resonance (ESR) spectrometer at room temperature. After 
about two hours of ozonation, they observed three broad peaks by ESR 
that they attributed to either alkoxyl or peroxyl radicals and metal 
ions. They reported that the peaks vanished when the ozonation was 
discontinued and that the PUFA was observed to solidify after about 
three hours of ozonation. The PUFA used in their experiments was only 
95-97% pure and probably contained large amounts of peroxides, hydro­
peroxides, alcohols, and ethers, all of which react with ozone^'^®®- 
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Despite the lack of concrete chemical evidence for the production
radicals from the reaction of ozone with olefins, several mechanisms 
have been proposed to explain the data and observations listed above.
1.4.2 Direct Ozone-Olefin Reactions
As indicated above, at least one group of authors has shown that 
ozone processes a singlet diradical structure3’'. One might expect, 
therefore, that the principle reactions of ozone with olefins would be 
either direct radical addition to the olefinic double bond to form a 
diradical (Eq. 13) or abstraction of one of the allylic hydrogens to 
form an allylic radical, as shown in Eq. 14. (A third possible 
reaction of ozone iB the initiation of a radical chain via dissocia­
tion to oxygen atoms; O3 -------- > 02 + 0* . At 300°C and below,
however, the most facile reaction of 0 is with 0237.)
•
o3 + rch2ch=chch2r -----> RCH2CH-CHCH2R (13)
^3*
o3 + rch2ch=chch2r -----> RCH-CH-CHCH2R + H03* (14)
6
Reaction 13 has been ruled out at temperatures below -70°C on 
thermochemical grounds (A  H° for the free radical addition of O3 to
the double bond of trans-2-butene is endothermic by 7.8 kcal/mol.37*) 
Reaction 14, however, while an unlikely competitor with the extremely 
facile Criegee mechanism73, does appear to be thermochemically 
possible both at 25°C (for C-H bonds with BDE's that are below 87 
kcal/mol) and at -78°C (for C-H bond with BDE's below 80 kcal/mol.)37. 
(Note that dienes such as 1,4-pentadiene and methyl linoleate have 
sufficiently low C-H BDE's at their doubly-allylic methylene groups 
(C(3) of 1,4-pentadiene and C(11) of methyl linoleate) to react with
ozone by hydrogen abstraction at -78°c)^3.
The allylic radical, 6, would then be expected to react, in the 
presence of oxygen, to initiate autoxidation of the remaining 
substrate (See Equations 8 and 9 )85-87#
1.4.3 Primary Ozonide Ring Scission and "Backbite"
Radicals could be produced as a result of 0-0 bond homolysis on 
the trioxolane ring to form a diradical (7_)37:-
•0 OO *
2 --------- > ^ 4 - 6 ^  (15)
2
This diradical, 1_, might extend its existence through a "backbite" 
hydrogen abstraction from one of the e-carbons^88:
<J>* 00H
7 ----- > R-CH-CH-CH-R (16)
8
This reaction is particularly attractive in the case of PUFA such as 
methyl linoleate since the "backbite" would involve an allylic hydro­
gen atom that is easily extractable and the product is a relatively 
stable allylic radical P ) 88:
O* OO* O* 00H
r-ch-ch-ch2-ch=chr > R-CH-CHCHSCH^CHR (17)
(9)
The ozonide homolysis (Eq. 15) has been calculated to be endo- 
thermic by 17 kcal/mol3 ,^ and is unlikely to occur at -78°c in the 
liquid state, particularly when in competition with the Criegee mecha­
nism.
1*4.4 Carbonyl Oxide Involvement in Radical Production
The carbonyl oxide has been found, from theoretical calculations, to 
have a singlet diradical structure^1. Thus, it might be expected to 
react either by hydrogen abstraction or addition to olefinic double 
bonds81.
Carbonyl oxides react with compounds having acidic hydrogens, i.e.
alcohols, water, and organic acids, via non-radical pathways1'1°7-109
to give a-alkoxy hydroperoxides, 10, o-hydroxy hydroperoxides, 11, and
or-acyloxyalkyl hydroperoxides, 12, respectively, at temperatures below
-75°C, suggesting an ionic structure for the carbonyl oxide1•107-109^
-C-00H -C-OOH -C-00H
r£> h6 RC(=0)0
10 U  12
Nevertheless, one group has shown that the carbonyl oxide, 13, pre­
pared from the photosensitized reaction of diazofluorine with oxygen:
N2 00 ■
0—0 0^0
13
reacts with olefins to give products that can be most easily rationa­
lized as arising from hydrogen abstraction81* this case, however,
it is possible that the carbonyl oxide is reacting in an excited state 
and that under normal circumstances, e.g. in an ozonation mixture, the 
carbonyl oxide does not abstract hydrogen.
Greenwood and Rubinstein have suggested a mechanism in which 
trioxygen bonds are incorporated at low temperature into the structure 
of polymeric ozonides as a result of a nucleophilic attack of the car­
bonyl oxide on the Criegee ozonide11®:
11
a •>R2C+-000-CHR-0-CHR-CTa 0 - 0
R2C+-0-0“ RCH CHR 
' /
(19)
>r2c+-ooo-chr-oo-c"hr
The attack can occur at either of the oxygen atoms, resulting in
bond that is formed would be expected to homolyze upon warming to room 
temperature to produce alkoxyl and peroxyl radicals as are observed
These authors based their mechanism on the observed changes in the 
viscosity and in the IR and NMR spectra of polymeric ozonides that 
were produced at -78°c and then let stand at room temperature for 
three days. However, as stated above, the thermal decompositions of 
dialkyl trioxides have been studied, and both experimental evidence 
and thermochemical c a l c u l a t i o n s ^ p r e d i c t  that di-alkyl trioxides 
would not be stable at room temperature for any significant period of 
time and that the changes reported by these authors may have occurred 
as soon as the polymers were warmed to room temperature.
1.4.5 Free Radicals from Reaction of Ozone With Ozonation Products
in addition to the mechanisms described above, in which either 
ozone or one of the intermediates from the ozone-olefin reaction 
reacts to form radicals during the ozonation process, it is also 
possible that radicals are formed from the reaction of ozone with one 
of the products of the ozonation reaction such as aldehydes, 
hydroperoxides, alcohols, or ethers^^.
either oxygen-oxygen or carbon-oxygen bond scission. The trioxide
from the thermal decomposition of di-alkyl trioxides^®^,^11—1”15.
ROOOR ■> RO* + R00* (20)
The reaction of ozone with aldehydes has been studied and found 
to occur both at room temperature and at -78°C5^-®^. Ozonation of 
benzaldehyde, for example, at -78°c results in the production of an 
acyl hydrotrioxide (14) that has been observed by 1H NMR3®'^. The
H —78°C H
PhCH + 03 ----------------> PhC-OOOH (21)
(Jl)
decomposition kinetics were studied and the Arrhenius activation 
energy for the unimolecular decomposition found to be 16 kcal/mol.
This value is similar to those expected for trioxygen species81, and 
suggests a homolytic decomposition48'4®. The kinetic parameters for 
the reaction of ozone with aldehyde would seem to indicate that an 
aldehyde could not compete effectively with any olefin for ozone at 
-78°C (Compare Ea = 8.8 kcal/mole for benzaldehyde to Ea - 3.7 
kcal/mole for trans-2-butene)3^. This indicates almost 108 greater 
reactivity with ozone for the olefin versus the aldehyde at -78°C. 
Nevertheless, propanal reacts with ozone in the presence of 2-inethyl-
2-pentene at -78°C to produce peroxyl radicals that are observed by
11?
ESR.
Ozone reacts with tert-butyl hydroperoxide at nearly the same 
rate as with aldehydes1®3 and radicals are produced113'114. The 
mechanism of the reaction is a molecule assisted homolysis (MAH)118:
ROOH + 03 ------------> [ROO— H— 0--0— 0] (22)
-------------> ROO* + HO* + 02
Here also, the hydroperoxide reacts with ozone at 24°C about 1000 
times more slowly than with olefins1®3. Nevertheless, tert-butyl 
hydroperoxide also reacts with ozone at -78°C in the presence of
2-methyl-2-pentene to produce peroxyl radicals that are detected by 
ESR117.
In addition to aldehydes and hydroperoxides, an ozonation mixture 
also contains monomeric and polymeric ozonides that have acetal-like 
carbon-hydrogen bonds^:
H
-O-C-O-
Q5)
The reactions of these species with ozone have not been studied. 
Acetals, however, as pointed out above, do reacts with ozone at **78°C 
to form hydrotrioxides, 2^6 ,57, and it is, therefore, possible that 
ozonides might behave similarly^
1.5 PUFA AS OZONATION SUBSTRATES
Polyunsaturated fatty acids (PUFA) have been extensively studied 
as ozonation substrates^#84-87,116. These olefins serve as useful 
models for the lipids found in lung tissue^*86,119. some of the more 
commonly studied PUFA are shown in Table 1. The name of each is co­
dified based on the number of carbons in the molecule and the number 
of carbon-carbon double bonds. For example, methyl linoleate is 
called 18:2 since it has 18 carbons and two double bonds. A symbol 
for the substituent attached to the carbonyl (e.g. Me for methyl, OH 
for acid) is also included. Thus, methyl linoleate becomes 18:2-Me 
while linoleic acid is 18:2-OH.
As with other olefins, the principal reaction of ozone with PUFA 
is expected to occur via the Criegee mechanism^'73, resulting in the 
formation of aldehydes, ozonides, and polymeric material^3®. Any
Table I. Commonly-studied PUFA
Common Name 
Oleic Acid 
Methyl Oleate 
Linoleic Acid 
Methyl Linoleate 
Linolenic Acid 
Arachidonic Acid
Structure 
CH3 1CH2 )7CH=CH{CH2 )7C02H 
ch3 (ch2 )7ch=ch(ch2 )7co2ch3 
ch3 Cch2 )4ch=chch2ch=ch(ch2 )7co2h 
ch3 (ch2 )4ch=chch2ch=ch(ch2 )7co2ch3 
ch3 (ch2ch=ch)3 (ch2 )7co2h 
ch3 {ch2 )3 {ch2ch=ch)4 (ch2 )3co2 h
Code Name 
18:1-OH 
18:1-Me 
18:2-OH 
18:2-Me 
18:3—OH 
20:4-OH
involvement of free radicals is a minor competing pathway in the 
absence of oxygen since the radical chain could not proceed beyond 
initiation^2. when oxygen is present, however, lipid peroxidation 
(autoxidation) can occur, resulting in the destruction of a substan­
tial amount of PUFA®®-®^.
The mechanism of lipid peroxidation is shown in Figure 1.84'88/
The most likely site for initiating a radical reaction in PUFA 
molecules is at a doubly-allylic methylene group such as c(11) of 
methyl linoleate (18;2—He). Here the C-H bond is very reactive due to 
the potential formation of a di-substituted pentadienyl radical, L*, 
following hydrogen abstraction (L* is a commonly-used symbol to indi­
cate this particular radical when the PUFA is 18:2-Me or 18:2-0H).
In the presence of oxygen, either of two possible peroxyl radicals, 
LOO*, (O2 added at C(9) or C(13)) are formed^22. These then either 
react further to abstract a hydrogen atom from a second molecule of 
PUFA, thus extending the autoxidative chain, or, when PUFA has more 
than two carbon-carbon double bonds (as in methyl linolenate,
18:3-Me), the peroxyl radical, L'OO*, cyclizes to the endoperoxide 
radical ( ^ ) . This radical may then either scavenge more oxygen 
leading to a a-hydroperoxy endoperoxide (_17), or it may cyclize 
further to eventually become a prostaglandin analog such as 
j q 86,87,123. This analog of the prostaglandin, PGG, is believed to be 
the precursor of malonaldehyde (19_), a commonly-used indicator of
lipid peroxidation88'8?'I2^'I28.
Lipid peroxidation can be measured by monitoring the amount of 
peroxidic material, the amount of conjugated diene, and the amount of 
TBA-reactive material8^ produced during the course of the reaction.
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RCH2-CH=CH-CH2“CH=CH-CH2R' ------ >  > RCH2-CH-CHiCH-CHiCH-CH2R'
(L*)
L* + 02 ------ > RCH2-CH-CH=CH-CH=CHCH2R’ or RCH2-CH=CH-CH=CH-CH-CH2R '
OO* s___________ v___________/ OO*
(LOO*)
LOO* + LH  > RCH2“CH“CH=CH—CH=CH_CH2R' or RCH2-CH=CH-CH=CH-CH-CH2R'
60H v___________ v, t OOH
(LOOH)
When LH has three double bonds, L'H, :
L '0 0 *  > rch2ch-ch ^h-ch=ch-ch=ch-ch2 R '
CH2
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OOH \ h 2
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Figure 1. Mechanism of lipid peroxidation.®4 '®®
The peroxidic material (such as LOOH, Y]_, and in Figure 1) is 
determined by titration with potassium iodide and spectrophotometri- 
cally determining the iodine that is released (Eq. 23). Conjugated
LOOH + 1“ ---> HO* + LO” + 0.5 I2 (23)
dienes such as LOOH (Fig. 1) exhibit a characteristic, although occa­
sionally ambiguous, absorbance at 233 nm84. Malonaldehyde, (_19_j, the 
principal TBA-reactive material in peroxidized PUFA, is a peroxidative 
product that is produced when PUFA has more than two carbon-carbon 
double bonds8®. Malonaldehyde reacts with thiobarbituric acid (TBA) 
(20) to produce the TBA adduct (21) that is determined by its charac­
teristic absorbance at 530 nm84'126-128.
Q Sv N ^0H ho^ N  ^SH
N + 1 9   > Y  Y  Y  T  <24)
5H n V ^ C H - C H  =  C H > ^ N
OH OH
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1.6 ESR AND SPIN TRAPPING
Electron spin resonance (ESR) is the most direct and unambiguous 
method for the detection of free radicals^8 . A free radical 
possesses an inherent paramagnetism that results from its unpaired 
electron. (The paramagnetism in a natural consequence of the magnetic 
moment of the unpaired electron.) The magnetic field produced by an 
ESR spectrometer interacts with the magnetic moment of the unpaired 
electron to produce two energy levels; that with the electron spins
aligned with the magnetic field and that with the spin opposed to the 
field. A microwave beam incident on the free radicals produces tran­
sitions from the lower energy level to the upper and vice versa when 
the resonance condition is met: 
h v = g 0 H
(25)
where,
h = Planck's constant = 6.6262 x 10~2^ erg-sec 
v = The microwave frequency at resonance/ in megahertz 
g = A proportionality constant called the g-value 
which is near 2.0 
(3 = The Bohr magneton = 9.2732 x 1 0 erg-teBla-'*
H = The external magnetic field at resonance 
ESR spectrometers are classified based on the range of microwave 
frequencies produced by the particular microwave source, called a 
klystron^2®. The most common ESR spectrometers employ microwave 
frequencies near 9.5 gigahertz (GHz) and are designated X-band 
spectrometers. (Less commonly used are the K-band and Q-band which 
have frequencies near 24 and 35 GHz, respectively). X-band spectrome­
ters require magnetic fields in the range of 300 to 350 millitesla 
(mT) for the detection of organic radicals.
A typical ESR spectrum is characterized by five parameters: 
g-value, nuclear hyperfine splitting, peakheight, linewidth, and 
lineshape^2® . The rvalue, sometimes called g-factor, is a propor­
tionality constant that is characteristic of the molecule in which the 
unpaired electron iB located. It accounts for the presence within the 
molecule of induced local magnetic fields that effect the resonance 
condition and result in deviations'from the free electron value of g =
2.00232. The g-value is a useful parameter for identification of free 
radicals and its applications are similar to those of the NMK chemical 
shift. Some typical g-values for several organic free radicals are 
listed in Table
In addition to the local magnetic fields that are induced by the 
external magnetic field and effect the g-value, there are also perma­
nent magnetic fields within the molecule. These local fields result 
from the presence of paramagnetic nuclei (e.g., 1H, 2H, ^N, ^O, 2 ^P, 
^Mn, 19p) in the molecule in the vicinity of the unpaired electron. 
The local fields either add to or are subtracted from the external 
magnetic field and additional energy levels are produced. This effect 
is observed as a splitting of the one-line absorption spectrum of the 
unpaired electron into several lines. The number of lines produced 
depend upon the number and nuclear spins of adjacent paramagnetic 
nuclei. The line separations (the magnitude of the nuclear hyperfine 
splitting, a^£s) depend upon the proximity of the magnetic nuclei to 
the unpaired electron and the physical orientation of the orbital con­
taining the unpaired electron relative to the magnetic nuclei.
ESR lineshapes are usually close approximations to the first der­
ivative of the absorption curve because of the use of a method of 
sensitivity-enhancement called "phase-sensitive detection"^2®. Here, 
the magnetic field is modulated at a narrow frequency near resonance 
in order to eliminate some of the noise that accompanies the unmodu­
lated signal. Thus, the signal intensity, as measured by peak height, 
is not a true indicator of absolute free radical concentration since 
the linewidth must also be considered and these may vary for numerous 
reasons. For measurements in which signal linewidths do not change
Table II. Typical g-Values of Organic Radical
Radical
Nitroxides 2.0050 - 2.0080
Peroxyl 2.0100 - 2.0200
Semiquinones 2.0030 - 2.0050
Alkyl 2.0025 - 2.0044
i£ Reference 129.
(e.g. at constant temperature, using the same solvent), the spectral 
peakheight may be used as a measure of relative radical concentration. 
In other cases, it is necessary to either correct for changes in 
linewidth or perform a double integration.
Both the observed ESR spectral linewidth and lineshape depend 
upon a number of physical parameters^8®. For example, linewidths vary 
with temperature, solvent, radical concentration, microwave power, and 
homogeneity of the magnetic field. Lineshapes depend upon the form of 
the sample (e.g. solid versus solution, or dilute versus viscous) as 
well as some of the experimental conditions which cause changes in 
linewidth.
The chief difficulty in applying ESR to autoxidizing systems, 
such as result when PUFA are subjected to ozonation in the presence of 
air8"^, is the inability of current ESR spectrometers to detect the 
low levels of free radicals found in these systems ( << 10-8 M, the 
current detection limit of ESR spectrometers)^8®. This difficulty 
has been partially overcome throught the use of a modification of the 
ESR method called spin trapping^8®-^88. ^he spin trapping method is 
outlined in Equation 2 6 . Here, an unstable radical (R‘)» the high 
reactivity of which prevents it from reaching the concentration levels 
necessary for ESR detection, reacts with a diamagnetic
R* + Spin Trap ----- > Spin Adduct (26)
nitrone or nitroso compound (the spin trap) to form a stable para­
magnetic nitroxide radical (the spin adduct) that can be studied by 
ESR. Occasionally, from the magnitude and multiplicity of the nuclear 
hyperfine splitting and from the g-value of the spin adduct, the spin- 
trapped radical can be identified^88. Some commonly-used spin trap,
and the general structures of their respective spin adducts are listed 
in Table III. Note that for the spin adducts of 2-methyl-2-nitro- 
sopropane (NtB), the trapped radical, R, is attached directly to the 
nitrogen of the nitroxide moeity. In this case, the spin adduct pro­
vides more information about the structure of the spin-trapped 
radical since the nuclear hyperfine splittings show the effects of the 
paramagnetic nuclei on the spin-trapped radical. With a-phenyl-N- 
tert-butyl nitrone (PBN) and 5,5-dimethy1-A*-pyrroline-1-oxide (DMPO), 
the spin-trapped radical is attached to the spin trap at the carbon 
that is beta to the nitroxide and, as a result, the nuclear hyperfine 
splittings do not vary substantially with the type of radical that is 
trapped.
The nitroxide function, R^-N{0 *)-R2 , is polar^S and is solvated 
to varying degrees depending on the polarity of the solvent1^ ®.
Changes in solvation of the nitroxide alter the environment in the 
vicinity of the trapped radical. This causes changes in the physical 
orientation of the trapped radical fragment relative to the orbital of 
the nitroxide in which the unpaired electron resides. When this 
occurs, the effect of the radical moeity on the hyperfine splitting is 
altered. The effect of this is that the same spin adduct has dif­
ferent hyperfine splittings in different solvents, especially when the 
polarities differ c o n s i d e r a b l y ^ ? .  Thus, although several empirical 
relations have been determined for predicting the hyperfine splittings 
of a few particular spin adducts in various solvents in most 
cases, the identification of a particular spin adduct is limited to 
radical types (e.g. alkoxyl, alkyl, acyl).
Table III. Spin Traps and Spin Adducts
Name Structure Spin Adduct
cr-Pheny 1-N-tert-buty 1 
Nitrone (PBN)A
phCH=N(0)C (CH3 )3 PhCH-N(0 *)C(CH3 )3
A.
2-Methyl-2-nitrosopropane
(NtB)ii
{CH3 )3C-N=0 R-N(0*)C(CH3 )3
5,5-Dimethyl-A^-pyrrol- 
ine-1-oxide (DMPO)^
Ph2“Ph2 
ch3 | I
X/  N
ch3 t
ch2-ch2 
ch3 I I
C CH
/  V\
CH3 6 - R
2-Methyl-2-nitrosopropanol
(NtB-OH)t
N=0
ch3-c-ch2oh
ch3
?H3
R—N (0 *)-C-CH2OH
6h3
^  Reference 130. £  Reference 134.
1.7 PURPOSE OF PROJECT
The purpose of this project was to demonstrate, in an unambiguous 
manner, that ozonation of olefins results in the production of free 
radicals. As stated above, the only other instance in which free 
radicals were alleged to have been observed from the reaction of 
olefins (PUFA) with ozone101* appears to have included several experi­
mental errors making the published results doubtful188. A logical 
starting point, then seemed to be a repeat of these earlier experi­
ments without the experimental errors (e.g. using purer PUFA, using a 
more modern ESR spectrometer). In addition, other variations of this 
procedure were sought that would either confirm or disprove the pre­
viously published observations101.
As stated above, L*, the di-substituted pentadienyl radical that 
results from hydrogen abstraction at the doubly-allylic position,
C(11), of methyl linoleate (Figure 1), plays a central role in the 
autoxidative sequence that is initiated by the reaction of ozone with 
this PUFA8^-8^ , Thus it seemed essential that the ESR spectrum of 
this important radical species be produced by an.independent method in 
order that positive identification might be made should it be observed 
from the ozonation reaction. The method developed by Fessenden and 
Shuler188 and Kochi and Krusic1^ 0 appeared to be sufficiently unam­
biguous for this purpose.
The potential value in using spin trapping to identify the radi­
cals that might be produced from the reaction of ozone with olefins 
was realized early in this project. It was soon discovered, however, 
that ozone itself reacts with the spin trap to produce very complex
spectra and, therefore, a method to circumvent this problem was 
sought. Thus, the protocol was developed in which the ozonation is 
performed at -78°C, the ozone removed by flushing with some inert gas 
prior to adding the spin trap, the spin trap added, and the resulting 
solution warmed to room temperature in the cavity of the ESR spectro­
meter^8* ^ 88.
PUFA was the principal ozonation substrate early in the project 
since these olefins have received the most study and since PUFA are 
suitable models for the lung lipids. PUFA are obtained commercially 
at a purity of no greater than 99%. Any subsequent purfication is 
tedious and time-consuming^88. Thus it seemed appropriate to study 
the ozonation of smaller and more easily purified olefins such as 
2-methyl-2-pentene and tetramethy1ethylene. The addition of the 
dioxolanes to the study seemed a natural course since these provided 
simple models for the numerous compounds in an ozonation mixture that 
possess reactive hydrogens.
EXPERIMENTAL PROCEDURES
2.1 PRODUCTION OF OZONE
2.1.1 Ozone-Oxygen Mixtures
Ozone-oxygen mixtures were produced in two ways: (1) by flowing
commercial tank oxygen through a Welsbach T-23 ozone generator to 
produce ozone concentrations as high as 0 .2%, and (2 ) by flowing 
commercial tank oxygen through the apparatus shown in Figure 2 to pro­
duce ozone concentrations below 100 ppm. In both cases, the ozone 
concentration in the exiting gas mixture was controlled by varying the 
voltage and oxygen flow rate although, in the latter case, the ozone 
concentration also depended upon the number of bulbs illuminated 
inside the ozonator.
2.1.2 Ozone-Nitroqen Mixtures
Ozone-nitrogen mixtures were produced by flowing ozone-oxygen 
through a bubbler containing about 20 grains of silica gel and immersed 
in a dry ice-acetone bath at -78°C^^. The ozone became adsorbed onto 
the silica gel as indicated by the development of a deep blue-violet 
color on the silica gel. Residual oxygen was removed from the bubbler 
by flushing with a nitrogen stream for about 30 minutes prior to the 
ozonation; further flushing produced a constant, oxygen-free, ozone- 
nitrogen mixture. The concentration of ozone in the ozone-nitrogen 
mixtures could not be regulated since it varied with the amount of 
ozone adsorbed on the silica gel, a quantity not accurately
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Figure 2 .  Ozone generator.
measurable. However, the ozone concentrations produced (up to 70 
umoles/mlnute) were found to be relatively constant over the course of 
about one hour; sufficient time to determine the ozone concentration 
and perform the ozonation. Nitrogen gas flow rates of no greater than 
100 mL/minute were practical in order to avoid disturbing the silica 
gel.
2.2 DETERMINATION OF OZONE
2.2.1 Direct Gas-Phase Determinations
The concentration of ozone in an ozone-oxygen or ozone-nitrogen 
mixture was determined by trapping a sample of the mixture in a 10-cm 
quartz UV gas cell and measuring the ozone absorbance at 290 nm 
(£= 780 M“1-cm”1) on a Cary 14 spectrophotometer using air as refer­
ence^^. The gaseous mixture was allowed to flow through the cell for 
a sufficiently long time (ca. 5 minutes) to ensure that the sample 
trapped was an accurate representation of the ozone-containing mix­
ture.
2.2.2 Buffered Potassium Iodide Method
Ozone concentrations were also measured by bubbling the ozone- 
containing mixtures through a buffered aqueous potassium iodide 
solution consisting of 1» n  In 0.1 M KH2PO4 and 0.1 M Na2HPC>4 at 
neutral pH. The absorbance of the resulting iodine solution was 
measured at 352 nm ( e  = 25,900 M“^-cm” )^ using H2O as reference^^.
The absorbance of a blank, consisting of only the KI solution, was 
also measured at 352 nm and the concentration of ozone calculated on
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the basis of a 1:1 equivalence between ozone reacted and iodine pro­
duced:
03 + 2H+ + 21“ — > 02 + H20 + I2 (27)
2.3 ESR MEASUREMENTS
All ESR measurements performed on this project were done using a 
Varian E-109 ESR spectrometer. Accurate ESR measurements require the 
determination of five basic parameters: g-value, nuclear hyperfine
splitting, peak-to-peak linewidth and peak height, and absorption peak 
area. These can easily be calculated once the magnetic field is 
accurately calibrated and the frequency of the microwaves incident on 
the cavity is accurately known.
2.3.1 Magnetic Field Calibration
Gaussmeter Method. The magnetic field over the range in which 
organic radicals exhibit ESR (310.0 to 340.0 mT)129 was calibrated by 
inserting the proton probe from a Walker Magnion 0-502 NMR gaussmeter 
oscillator between the poles of the ESR spectrometer magnet and 
varying the magnetic field over the range being studied. The fre­
quency of the internal RF waves incident on the gaussmeter probe 
sample is set independently and the NMR resonance of the probe sample 
depends only on the strength of the ESR magnetic field. Resonance can 
be observed visually on a Walker Magnion G-502 NMR gaussmeter indica­
tor as a pattern of waves that moves with the magnetic field of the 
ESR spectrometer. At resonance, the pattern lies directly at the 
center of the oscilloscope and a quick deflection of the spectrometer
pen marks the magnetic field strength for resonance at that frequency. 
The frequency corresponding to each mark is read from a Hewlett 
Packard 5391A 80 MH frequency counter attached to the gaussmeter.
Each frequency was then converted to a magnetic field strength from a 
calibration curve that accompanies the gaussmeter. A series of pen 
marks and the corresponding magnetic field strengths covering the 
entire area of interest was used to calibrate the magnetic field over 
that area, and a calibration factor, F, was calculated as follows:
f  = A h 
Al
where
A H  = the difference in magnetic field strength bet- 
tween any two adjacent pen marks, in millitesla 
(mT) (1 mT = 10 G)
A l  = the linear distance between the two pen marks 
in centimeters.
An average F for the whole range being studied was then calculated and 
expressed as Favg. + 20. A typical value is 0.24953 + 0.00033 mT/cm.
Standard Radical Method. For more routine work, the magnetic 
field was calibrated by simply obtaining the ESR spectrum of a sample 
containing a radical whose hyperfine splittings are known and then 
calibrating the magnetic field based on these splittings^®. di-tert- 
Butyl nitrojti.de (DTBN *) was used most often since this radical is 
readily produced by photolysis of 2-methyl-2-nitrosopropane (NtB) as 
follows137*144#
room light
t-Bu-NO ----------- > t-BU* + NO (28a)
NtB
t-Bu* + t-Bu-NO --------- > (t-Bu^N-O* (29b)
DTBN-
DTBN* gives a characteristic triplet ESR spectrum and, since its
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hyperfine splittings have been determined in a wide range of sol­
vents ^*7, it provides a convenient and relatively accurate "yardstick" 
for field calibration.
This method does require identical and reproducible placement of 
the unknown sample and the standard radical sample within the. cavity 
of the ESR spectrometer since field inhomogeneities alter the g-values 
and hyperfine splittings^9. Generally, the average splitting, from 
three or more sample and standard determinations at the same instru­
ment settings, are sufficient to account for errors in sample 
placement.
2.3.2 Microwave Frequency Determination
Microwave frequencies were determined using a variable wave- 
meter inserted into the waveguide through which microwave radiation 
travels from the microwave bridge to the ESR cavity. The wavemeter 
is tuned to the frequency of the standing wave within the cavity and 
the resulting readings on its vernier scale are converted to frequen­
cies using a calibration chart.
2.3.3 g-Value Determination
g-Values were calculated by inserting the accurately determined 
magnetic field strength at the center of the spectrum, Hr , and the 
microwave frequency, v, into the resonance equation (Eq. 25)^9.
g = hv / 6Hr
Occasionally, standard radicals of known g-values such as 
1,1-diphenyl-2 -picrylhydrazyl (DPPH) (g = 2*0036)^5 an,j di-tert- 
butyl nltroxide (DTBN") (g = 2.0063)^3 were used instead. In these
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cases, the following equation was used to calculate the g-value of the 
unknown radical129.
9unk. = 9atd. * (29)
v std. Hunk.
2.3.4 Nuclear Hyperfine Splitting Determinations
Nuclear hyperfine splitting constants, a(i), were measured at a
scan range of 10.0 mT. The linear distance in centimeters between the
peaks of interest were measured at both peak maxima or minima and at 
crossover points. The distances, d, along the x-axis of the recorder 
(the magnetic field axis), were converted to millitesla (mT) using the 
most recent magnetic field calibration factor, F:
a = d x F (30)
2.3.5 Determination of Radical Concentrations
Radical concentrations were determined by comparing the ESR 
spectrum of the unknown to that of a standardized solution of 
DTBN* produced under identical instrumental conditions129. A stan­
dardized solution of DTBN* was produced by preparing a solution 
(usually 10”1M) of 2-methyl-2-nitrosopropane (NtB) in an appropriate 
solvent (CFCI3 , n-CgH^/ or n-CgH^) and flushing with argon. The NtB 
solution was then allowed to stand at room temperature and exposed to 
room light for 18 hours in a 10-cm quartz UV cell. At the end of the 
photolysis, the solution had become blue and the absorbance of the 
nitroxide, DTBN', was measured at 465 nm, e « 8.9 M”1-cm-1 13?. 
Concentrations of DTBN* produced using this method were generally 
about 10"3 to 10-4 M.
A portion of the DTBN* solution was quickly transferred to an ESR
tube and an ESR spectrum obtained* When the unknown radical, whose 
concentration is being determined, is a nitroxide, (e.g.,in spin 
trapping), the linewidth of the nitroxide standard (DTBN*) and that of 
the unknown radical are usually the same'll and the concentration of 
the unknown radical may be determined using the following equation:
[Unknown] = [DTBN*] x Peak Height of Unknown
Attenuation of Unknown
(31)
x Attenuation of DTBN 
Peak Height of DTBN
As in the case of magnetic field calibrations using standard 
radicals, identical experimental conditions (i.e., positioning of the 
ESR cell within the cavity, instrument settings) are required for 
optimum utilization of this method^29, Here also, an average of three 
or more sample insertions or spectral peak height determinations for 
both the standard and unknown samples at identical instrument set­
tings, is sufficient to account for positioning errors.
2.3.6 Low Temperature ESR
ESR spectra at low temperatures were determined using the appara­
tus shown in Figure 3. Here, a quartz dewar cavity insert served as 
sample holder. The sample was cooled to the desired temperature by 
flowing nitrogen gas through a cooling coil immersed in a dewar of 
liquid nitrogen, and then through the dewar insert in which the sample 
tube was positioned. The temperature of the cold nitrogen gas was 
monitored using a thermocouple attached to an Air Products "Heli-tran" 
temperature monitoring device. Regulating the rate of flow of the 
nitrogen gas through the system also regulated its temperature, e.g.,
COLD N
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Figure 3. Apparatus for low temperature ESR.
low flow rates allowed the gas to warm before reaching the cavity 
resulting in a higher sample temperature.
2.3.7 Photolyses
Photolysis experiments done while obtaining ESR spectra were per­
formed using a Bauche and Lomb 200 w Hg-Xe lamp. The light beam was 
focused through a series of slits in the front of the ESR spectrometer 
cavity and onto the sample within. These experiments were performed 
both with and without the low temperature apparatus. In these cases 
in which only visible light was required (i.e., photolysis of 
azoisobutane) a large rectangular Pyrex® cell filled with water was 
placed in the light beam to cut off the UV and IR portions of the 
light (the IR could damage the cavity by altering its configuration 
through thermal expansion29 while the UV was found to produce stable 
radical centers within the dewar insert).
2.3.8 Computer Simulation of ESR Spectra
ESR spectral simulations of L* were performed using an IBM Aspect 
2000 computer. The experimental and structural parameters required 
for the simulation are listed in Table IV. The experimentally pro­
duced spectra were visually compared to the simulated spectra in order 
to obtain a "best fit".
2.4 SAMPLE PREPARATION
2.4.1 Degassing Samples by Freeze-Pump Thaw
Solutions being prepared for reactions in which oxygen was a
Table IV. Computer Simulation parameters
Number of Equivalent Protons,n 
Nuclear Hyperfine Splitting
Scale = 2.5 G/cm
Field 1 = 3110 G
Field 2 = 3310 G
Peak-to-peak Height = 10.00 cm
Linewidth = 0.3 cm
4 2 2 1
13.0 10.0 3.3 11.0
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potential reactive contaminant (e.g., photolytic production of L*) 
were deoxygenated by "freeze-pump-thaw". Here, about 1 mL of the 
solution was placed in a 5-mL vial equipped with a stopcock and an o- 
ring connector through which it could be attached to a vacuum line. A 
quartz ESR tube was attached to the vial as a sidearm by way of a . 
graded seal.
The vial was secured to the vacuum line with the stopcock closed 
and the sample frozen by immersing the vial in liquid nitrogen for 
five minutes. The stopcock was then opened and the pressure within
the system brought down as low as possible. (Generally to about .01-.02
\
mm when the pump was also attached in series to a diffusion pump.)
The stopcock was then closed and the liquid nitrogen bath removed, 
allowing the sample to thaw. Once the sample had thawed and no 
further gas was evolved, the sample was refrozen with liquid nitrogen 
and the cycle repeated. Generally three to five cycles were suf­
ficient such that the final cycle produced no further gas evolution.
2.4.2 Purification of PUFA
Conjugated dienes were removed from 18:2-OH and 18:2-Me by mixing 
10 g of the PUFA with 9 g of maleic anhydride and heating under 
nitrogen at 65°C for two hours'^8. The mixture was cooled to room 
temperature and the PUFA extracted into hexane, washed with distilled 
water until neutral and dried over MgSOjj. The mixture was filtered, 
the PUFA concentrated on a rotary evaporator and chromatographed 
through a silica gel column using 2% diethyl ether in petroleum ether 
as solvent. The first and last 0.5 g of eluate were discarded, 
leaving a total yield of 6.0 g of material that contained less than
10“3 m conjugated diene (by UV)84'8® and less than 10-4 M peroxidic 
material (by Fe(SCN)2 method)149.
2.4.3 UV Assay for Conjugated Dienes In PUFA
The presence of conjugated dienes in the PUFA samples, indicating 
that some autoxidation has occurred84'8®, was determined as follows84- 
8^: A 10-uL aliquot of the PUFA sample was added to 10.00 mL of etha­
nol. The solution was mixed and the absorbance determined at 233 nm 
( e = 25,000 M”1-cm-1) using a 1-cm quartz UV cell and ethanol as 
reference.
2.4.4 Assay for Hydroperoxides in PUFA
The presence of lipid hydroperoxides in the PUFA samples, again 
indicating that lipid autoxidation has occurred84'8®, was determined 
as follows149: Into a 24-iriL glass test tube was placed 6.00 mL of
benzene, 4.00 mL of methanol, 0.05 mL of 30% aqueous NH4SCN, 0.05 mL 
of 0.44% aqueous FeCl2 and 0.01 mL of the PUFA sample. The solution 
was mixed and the test tube was immersed in a 50 °c water bath for five 
minutes. Following the incubation, the solution was allowed to stand 
at room temperature for 10 minutes and the absorbance measured at 
460 nm { e= 17,000 M^-cm - 1)149.
2.4.5 Purification of Substrates
The small olefins, acetals, and aldehydes used in the ozonation 
experiments were purified by gas chromatography on a Varian Aerograph 
200 gas chromatograph immediately prior to use. In each case, 10 uL 
of the sample was injected into a 5' x 0.25" column packed with 30%
SE-30 on firebrick. The column temperature was kept at 26°C for 10 
minutes following the injection and then warmed at 5°C/minute up to 
225°C. The purified sample from several injections was collected in a 
glass tube immersed in a -78°C dry ice-acetone bath as cold trap.
2-4.6 Preozonation of Solvents
The Freon-11, (CFCI3 ) n-hexane, and n-pentane used as solvents in 
the ozonation experiments were pre-treated with ozone as follows:
About 25 mL of the appropriate solvent was placed in a 35-mL bubbler 
and suspended in a dry ice—acetone bath. An ozone-oxygen mixture was 
bubbled through the solvent for 15 minutes at -78°C, by which time it 
had become dark blue. The solvent was removed from the -78°C bath and 
allowed to warm to room temperature. Commercial tank nitrogen or 
argon was then bubbled through the solvent for about 30 minutes at 
room temperature, after which time the solvent had lost the blue color 
and showed no absorbance at 290 A portion of this solvent was
then used for preparing solutions of substrates for ozonation and for 
preparing spin-trap solutions.
2.4.7 Synthesis of the Criegee Ozonide of 18:1-Me^ 2
Into a 30-mL ground glass stoppered bubbling tube was placed
25.00 mL of a 0.058 M solution of methyl oleate (I8:1-Me) in 
n-pentane. This solution was ozonated for five minutes at -78°C using 
an ozone-oxygen mixture containing 98 umoles of ozone per minute at a 
flow rate of 100 mL/minute (sufficient to produce a 33% reaction based 
on the ozone added). The solution was observed to be clear at -78°c 
prior to the ozonation but to become cloudy as soon as the ozonation
began. Following ozonation, the solution was flushed with nitrogen 
for five minutes at -78°C and allowed to warm to room temperature 
while still under nitrogen. The ozonated solution was transferred to 
a 25-mL round-bottom flask and the pentane solvent removed at room 
temperature by attaching the flask to a rotary evaporator and applying 
vacuum for one hour. A 50-uL portion of the clear liquid residue was 
subjected to thin layer chromatography on commercial POLYGRAM SIL 
G/UV 254 silica gel plates using 10% diethyl ether in petroleum ether. 
The chromatogram was developed by insertion Into an iodine chamber.
The chromatogram consists of a large dense spot with Rf = 0.34, a 
wide, weak spot with Rf = 0.21, and a small dense spot with Rf = 0.04. 
The spot at Rf *= 0.21 was identified as the ozonide spot from the 
literature^l, while that at Rf = 0.34 is unreacted methyl oleate 
based on a comparison to the chromatogram of an authentic sample.
A preparatory TLC plate was prepared from Silica Gel H by adding 
40 grams of the silica gel to 100 mL of H2O and stirring until a uni­
form slurry was formed. The slurry was poured unto 8 x 10 inch glass 
plates and dried in a drying oven at 130®C overnight. The remainder 
of the clear liquid residue remaining after ozonation and solvent 
removal was redissolved in pentane and streaked unto the prep-TLC 
plate and the pentane allowed to evaporate at room temperature for 45 
minutes. The sample was chromatographed using a 10% solution of 
diethyl ether in petroleum ether in a chromatography chamber. The 
ozonide band was located by spraying the edge of the plate with H2SO4 
and charring it on a hot plate. This procedure revealed the presence 
of three major bands; wide, strong bands with Rf = 0.59 and 0.38, 
respectively, and a weak band with Rf = 0.07. Each band was scraped
off the TLC plate and into separate 50-mL Erlenmeyer flasks containing 
30 mL of diethyl ether. The solutions were stirred for five minutes 
with a magnetic stirrer to dissolve the eluate and the silica gel 
removed by filtration through a fluted filter prepared from 11 cm 
Wattman #6 filter paper. Each ether solution was transferred to a 
50-mL round-bottom flask and the ether removed at room temperature 
using a rotary evaporator. After removal of the ether, there remained 
clear liquids from the bands with Rf “ 0.59 and Rf = 0.38 while no 
residue could be visually detected in the flask which had contained 
the band with Rf = 0.07. NMR spectra taken on the residue with Rf » 
0.59, identified it as unreacted 1 8 : 1 - M e ^ 2  an(j that with Rf = 0.38 as 
a mixture of isomeric ozonides^3. About 0.25 mL of the ozonide mix­
ture was obtained.
2.4.8 Synthesis of 2-Phenyl-1,3-dioxolane^ ^
Into a 300-mL round-bottom flask was placed 10.6 g (0.1 mole) of 
benzaldehyde, 62.0 g (1.0 mole) of ethylene glycol, and 0.1 g of p- 
toluenesulfonic acid in 150 mL of benzene. The round bottom flask 
was attached to a reflux condenser and a Dean-Stark tube, in series. 
The solution was refluxed for about two hours while catching the 
benzene-water azeotrophe in the Dean-Stark tube until the theoretical 
yield of water (1.8 mCL) had been obtained.
The liquid remaining in the round-bottom flask was transferred to 
a 250-mL separatory funnel and the benzene layer (upper layer) 
separated. The benzene layer was washed twice with 25-mL portions of 
a 1.0 M solution of NaOH. The benzene layer was then dried over 15 g 
of MgSC>4 for one hour and then filtered. The benzene layer was vacuum
distilled at 7 mm and the fraction boiling at 9 0 - 9 2 ° c  was collected 
(12.3 g). An NMR spectrum was obtained on this fraction and indicated 
a multiplet at 6 = 7 .2 8  (5H), a singlet at 6 = 5 .7 4  (1 h), and a 
multiplet at 6 = 3 .91  (4 H); which is consistent with the expected 
chemical shifts and ratios for the desired product^S. ipjje purity of 
the sample was found to be 99.4% by capillary gas chromatography on a 
Varian 3700 gas ghromatograph equipped with a flame ionization detec­
tor (1 uL injection; initial column temperature = 4 0 °c  for 10 minutes, 
then programmed at 5°/minute to 250°C; attenuator = 8 x 10“ 1 1 ) .
2.5 ATTEMPTED PRODUCTION OF RADICALS USING THE TECHNIQUE OF GOLDSTEIN
et al.
These experiments were designed to confirm or disprove the 
results reported by Goldstein et al.^Q^. Experiments 2.5.1 and 2.5.2 
are repeats of the cited experiments while 2.5.3 is a variation 
intended to eliminate the noisy ESR spectral background caused by the 
bubbling.
2.5.1 Ozonation of Methyl Linoleate
A 1.0-mL sample of purified methyl linoleate (18:2-Me) was placed 
in a cylindrical, quartz ESR tube in the cavity of the ESR spectro­
meter. A gaseous ozone-oxygen stream containing 140 ppm ozone from 
the ozone generator shown in Figure 2, was bubbled through the 
18:2-Me using a glass capillary at room temperature at a flow rate of 
30 mL/minute for three hours. ESR spectra were obtained at 15 minute 
intervals during the bubbling.
2.5.2 Ozonation of Linoleic Acid
A 1.0-gram sample of linoleic acid (18:2-0H) was placed in the 
ESR tube attached to the apparatus shown in Figure 4. A gaseous 
stream consisting of 40 umoles 03/minute in oxygen was bubbled through 
the 18:2-OH at 50 mL/minute for 3.5 hours at room temperature. ESR 
spectra were obtained at 15 minute intervals.
2.5.3 Ozonation of Methyl Linoleate and Quick-Freezing
A 0.5-mL sample of 18:2-Me was placed in an ESR tube. An oxygen 
stream containing 0.2 umole/minute of ozone in oxygen was bubbled 
through the 18:2-Me at 20 mL/minute for two hours using a glass 
capillary. The ESR tube containing the ozonated 18:2-Me was then 
quickly immersed in a dry ice-acetone bath at -78°C and kept at that 
temperature for 15 seconds. The sample tube was then immersed in 
liquid nitrogen until just prior to obtaining the ESR Spectra. ESR 
spectra were obtained while the sample was still frozen, during 
thawing, and after the sample had warmed to room temperature. The 
sample was then removed from the ESR spectrometer cavity and the ozo­
nation continued for an additional hour at 40 umoles ozone/minute.
The quick freezing and ESR cycle was repeated.
2.6 THE PRODUCTION OF ALKYL RADICALS BY THE METHOD OF KOCHI AND
KRUSIC140
These experiments were designed to produce, and observe by ESR, 
L*, the pentadienyl radical that results from hydrogen abstraction at 
C (11> of 18:2-Me or 18:2-0H (Fig. 1). Experiments 2.6.1, 2.6.2, and
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Figure 4. Apparatus for ozonation of PUFA in ESR cavity.
2-6.3 were performed on model compounds in order to establish the 
validity of the method. Experiments 2.6.4 through 2.6.7 are 
variations of the experiment using 1B:2-Me and 18:2-OH as substrates, 
and TOOT and AIB as initiators and in which an attempt was made to 
observe LOO*, the peroxyl radical arising from the reaction of L* with 
oxygen.
2.6.1 Attempted Production of the Benzyl Radical
A solution consisting of 10% di-tert-butyl peroxide (TOOT) in 
toluene was placed in a quartz ESR tube and the tube stoppered. The 
undegassed solution was photolyzed at room temperature in the cavity 
of the ESR spectrometer for one hour using a 200 W Hg-Xe lamp. ESR 
spectra were obtained at four minute intervals.
2.6.2 Attempted Production of the 2-Methylpent-2-yl Radical
A 1.0-mL portion of a 10% solution of TOOT in 2-methylpentane 
was placed in a quartz ESR tube and argon bubbled through the solution 
for 20 minutes at room temperature. The sample tube was then stop­
pered and placed in the ESR cavity which was equipped with the dewar 
insert for low temperature ESR studies. The temperature of the 
cooling gas was adjusted to -75°C (5° above the freezing point of 
2-methylpentane ) ^ 6 . The sample solution was then photolyzed for 45 
minutes at -75°C while obtaining ESR spectra at five minute intervals.
2.6.3 Production of the Cyclopentyl Radical
A solution consisting of 0.20 mL of TOOT and 1.80 mL of cyclopen- 
tane was placed in the vacuum deoxygenation apparatus (Subsection
2.4.1). The solution was deoxygenated by being subjected to five 
freeze-pump-thaw cycles. The stopcock was then closed and the appara­
tus removed from the vacuum line. The solution was moved to the ESR 
tube sidearm and the apparatus placed in the ESR cavity which was 
equipped with the dewar insert. The cooling gas was adjusted to -88°C 
(5° above the freezing point of c y c l o p e n t a n e ) 156 an^ ^ h e  solution 
photolyzed for 36 minutes with a 200 W Hg-Xe lamp. ESR spectra were 
obtained at four minute intervals during the photolysis.
2.6.4 Production of L* from 18:2-Me
A solution consisting of 0.2 mL of TOOT and 1.80 mL of 18:2-Me 
was placed in the vacuum deoxygenation apparatus {Subsection 2.4.1). 
This solution was deoxygenated using five freeze-pump-thaw cycles.
The solution was moved to the ESR tube sidearm and the sidearm 
inserted into the low temperature dewar insert in the ESR spectrometer 
cavity. The temperature of the cooling gas was brought to -63°C which 
was 5° above the temperature at which the deoxygenated solution was 
observed to freeze. The solution was photolyzed for 3 hours with a 
200 W Hg-Xe lamp while obtaining ESR spectra. On one occasion the 
light was blocked off about halfway through an ESR scan to confirm 
that the radicals being observed depended on the Hg-Xe lamp.
The g-value of the radicals observed was determined relative to a 
DPPH standard.
2*6.5 Production of L* from 18;2-OH
A solution consisting of 0.10 mL of TOOT and 0.90 mL of 18:2-0H 
was placed in the vacuum deoxygenation device (Subsection 2.4.1). The
solution was deoxygenated using three freeze-pump-thaw cycles. The 
stopcock was closed and the solution moved to the ESR tuhe sidearm.
The solution was photolyzed at -35°C (5° above its observed freezing 
point ) using a 200 W Hg-Xe lamp with the light filtered through a 
Pyrex® chromatography chamber filled with water (to cut off the UV and 
IR light). ESR spectra were recorded at 15-minute intervals over a 
period of one hour.
2.6.6 Attempted Production of LOO*
Oxygen was bubbled through 0.50 mL of 18:2-Me'for 30 minutes at 
room temperature in a quartz ESR tube. To the oxygenated 18:2-Me was 
added 0.05 mL of TOOT and the solution placed in the low temperature 
dewar insert which was in the ESR spectrometer cavity. The solution 
was photolyzed at -63°C for 35 minutes using the unfiltered light from 
a 200 W Hg-Xe lamp while obtaining ESR spectra.
2.6.7 Attempted Production of L» Using AIB as Initiator
A solution consisting of 0.25 mL of azoisobutane (AIB) and 0.75 
mL of 18:2-Me was placed in the vacuum deoxygenation device 
(Subsection 2.4.1). The solution was deoxygenated using three freeze- 
pump-thaw cycles, the stopcock closed, and the solution moved to the 
quartz sidearm. The device was placed in the ESR cavity which was 
equipped for low temperature studies and the temperature of the 
cooling gas set at -63°C (5° above the observed freezing point of the 
solution). The solution was photolyzed for one hour with a 200 W 
Hg-Xe lamp with the light filtered through a Pyrex® chromatography 
chamber filled with water. ESR spectra were continually recorded
during the photolysis.
2.7 OZONATION OF 18:2-Me AND SPIN TRAPPING
The experiments in this section were performed to demonstrate 
that although the radicals produced from ozone-olefin reactions could 
not be observed directly by ESR, radicals are produced. The spin 
trapping technique was applied to the ozonation of 18:2-Me using the 
three spin traps, NtB, PBN, and DMPO. Several variations of the basic 
ozonation-spin trapping experiment were also performed in order to 
determine the effect of experimental variables such as the rate of 
warming, the presence of oxygen in the ozonation gas mixture and in 
the spin trap-ozonated 18:2-Me solution, and varying the delay from 
the ozonation to the addition of the spin trap.
2.7.1 Spin Trapping with 2-Methyl-2-nitrosopropane
A solution consisting of 0.20 mL of purified 18:2-Me in 1.80 mL 
of CFCI3 (0.34 M) was placed in a 4-mL ground glass stoppered test 
tube. This solution was brought to -78°c by being suspended in a dry 
ice-acetone bath. An ozone-oxygen mixture containing 35 umoles of 
ozone per minute was bubbled through the solution at 300 mL/minute for 
three minutes (17% reaction based on the ozone added). The ozonated 
solution was then flushed with nitrogen at -78°C at 50 mL/minute for 
five minutes.
A solution consisting of 40 mg of 2-methyl-2-nitrosopropane (NtB) 
in 4.00 mL of CFCI3 (0.11 M) was prepared in the dark (solutions of 
NtB are rapidly photolyzed by even stray light)144. About 0.25 mL of
the NtB solution was transferred to an ESR tube in the dark and the 
ESR tube immersed in the -78°C bath. About 0.50 mL of the ozonated 
18:2—Me solution was rapidly transferred (to avoid wanning) to the ESR 
tube containing the NtB solution at —78°C and the resulting solution 
flushed with argon for three minutes. The dewar containing the dry 
ice-acetone bath, in which the ESR tube was immersed, was covered with 
a Styrofoam® lid and a thick, black cloth to prevent accidental photo­
lysis of the NtB during transfer to the ESR room.
The sample tube was quickly transferred from the dewar to the ESR 
spectrometer cavity in the dark and ESR spectra were recorded while 
the sample was warming to room temperature and for about seven minutes 
thereafter. The room lights were then turned on for 15 minutes to 
induce formation of di-tert-butyl nitroxide (DTBN') by photolysis of 
NtB (Eq. 27 and 28). The g-value of the spin-adduct signal observed 
was calculated relative to that of DTBN*.
2.7.2 Spin Trapping with N-Phenyl-N-tert-Butyl Nitrone
Effect of Gradual Warm up. A solution consisting of 0.40 mL of 
purified 18:2-Me in 3.60 mL of n-hexane (0.30 M) was placed in a 6-mL 
ground glass stoppered test tube and the tube suspended in a dry ice- 
acetone bath at -78°C. An ozone-oxygen mixture containing 8.7 umoles 
of ozone per minute was bubbled through the solution at 150 mL/minute 
for 10 minutes (7% reaction). Following ozonation, nitrogen was 
bubbled through the ozonated solution at -78°C for 30 seconds at 50 
mL/minute. About 1 mL of the ozonated solution was transferred, using 
a chilled disposable pipette, to an ESR tube containing 50 mg of 
N-phenyl-N-tert-butyl nitrone (PBN) which had previously been brought
to -78°C. The sample was degassed in the ESR tube at -78°C by 
bubbling argon through at 50 mL/minute for three minutes. The ESR 
tube containing the sample was rapidly transferred to the ESR cavity 
which was equipped with the low temperature apparatus, the temperature 
of which was at -83®C.
ESR spectra were recorded at -83°C and then at each new tem­
perature setting as the temperature of the cavity was raised in 
10-degree increments to room temperature. (A five minute delay before 
obtaining the ESR spectrum was included after each new temperature was 
reached to allow the sample to come to thermal equilibrium.) A 
control experiment was run by repeating the above experiment using 
only oxygen instead of an ozone-oxygen mixture.
The Effect of Rapid Warmup. A 2.00-mL portion of a 0.3 M solu­
tion of 18:2-Me in n-hexane was placed in a 4-mL ground glass stop­
pered test tube and brought to -78° c  by suspension in a- dry ice- 
acetone bath. An ozone-oxygen mixture containing 7 umoles of ozone 
per minute was bubbled through the 18:2-Me solution at 200 mL/minute 
for 30 minutes (33% reaction). The ozonated solution was flushed for 
30 seconds at -78°C with nitrogen at a flow rate of 300 mL/minute. 
About 1 mL of the ozonated solution was transferred to an ESR tube 
containing 0.177 gram of PBN and also suspended in the dry ice-acetone 
bath. The resulting solution was flushed with argon at -78"C for one 
minute and the ESR tube stoppered. The solution was allowed to warm 
to room temperature over a period of 3-4 minutes in the cavity of the 
ESR spectrometer without the low temperature apparatus. ESR spectra 
were obtained at 1-minute intervals during the warmup.
After three hours at -78°C, a second 1-mL portion of the ozonated
18:2-Me solution was added to 0.177 gram of PBN in an ESR tube at 
—78°C and the spin trapping procedure repeated. ESR spectra were 
obtained at 1-minute intervals during the rapid warmup.
2.7.3 Spin Trapping with 5,5-Pimethyl-A**-Pyrroline-N-Oxide
Gradual Warmup. A 2.00-mL portion of a 0.30 M solution of 
18;2—Me in n-hexane was placed in a 4-mL ground glass stoppered test 
tube suspended in a dry ice-acetone bath at -78°C. A gaseous ozone- 
oxygen mixture containing 6.1 umoles of ozone per minute was bubbled 
through the 18:2-Me solution at 300 mL/minute for 30 minutes Ca 30% 
reaction based on the total amount of ozone added). Nitrogen was 
bubbled through the ozonated solution at -78°C for 30 seconds at 300 
mL/minute. Using a chilled disposable pipette, about 1 mL of the ozo­
nated solution was rapidly transferred to an ESR tube containing 1.0 
mL of a 0.90 M solution of DMPO in n-hexane and also suspended in the 
dry ice-acetone bath. The resulting solution was flushed with argon 
at 50 mL/minute for one minute. The ESR spectrometer was equipped for 
low temperature work and the temperature of the cooling nitrogen set 
at —78°c.
The ESR tube containing the sample was quickly transferred to the 
spectrometer cavity and ESR spectra obtained at 10° temperature inter­
vals from -78°C to room temperature. A five minute delay at each new 
temperature setting, before obtaining the ESR spectrum, was included 
in the procedure to allow the sample time to reach thermal 
equilibrium.
Rapid Warmup. Into a 4-mL ground glass stoppered test tube was 
placed 2.00 mL of a 0.79 M solution of 18:2-Me in n-hexane. The
sample was brought to -78°C by .immersing the test tube in a dry ice- 
acetone bath. An ozone-oxygen mixture containing 8.1 umoles of ozone 
per minute was bubbled through the 18:2-Me solution at 140 mL/minute 
for 15 minutes at -78°C (an 8% reaction based on ozone added). The 
ozonated solution was flushed with nitrogen at 50 mL/minute for five 
minutes at -78°C. To the ozonated solution was added 0.5 mL of a 0.45 
M solution of DMPO in n-hexane and the resulting solution flushed with 
nitrogen for five minutes at 50 mL/minute at -78°C. About 1 mL of 
this solution was transferred to an ESR tube at room temperature and 
the solution degassed with argon for five minutes. The tube was stop­
pered and an ESR spectrum obtained.
Ozonation with Oxygen-Free Ozone. A 2.00-mL portion of a 0.38 M 
solution of 18:2-Me in n-hexane was placed in a 4-mL ground glass 
stoppered test tube and the tube suspended in a dry ice-acetone bath 
at -78°C. An ozone-nitrogen mixture containing 60 umoles of ozone per 
minute was bubbled through the 18:2-Me solution for one minute at 50 
mL/minute (sufficient to produce an 8% reaction based on the ozone 
added). The ozonated solution was flushed with nitrogen at -78°C for 
three minutes.
To an ESR tube containing 0.5 nL of a 0.1 H solution of DMPO at 
-78°C was added 1 mL of the ozonated 18:2-Me solution using a chilled 
pipette (to avoid warming). The resulting solution was flushed with 
argon at -78°C for three minutes, the tube sealed and the solution 
allowed to warm to room temperature. ESR spectra were then recorded.
Effect of Prolonged Incubation at -78°C Before Adding Spin Trap.
A 2.00-mL portion of a 0.30 M solution of 18:2-Me in n-hexane was
placed in a ground glass stoppered test tube and the tube suspended in 
a dry ice-acetone bath at -78°C. Through the 18:2-Me solution was 
bubbled an ozone-oxygen mixture containing 11.6 umoles of ozone per 
minute for 30 minutes at a flow rate of 200 mL/minute. {This produced 
a 58% reaction based on ozone added.) The solution was flushed with 
argon at -78°c at a flow rate of 50 mL/minute. The ozonated sample 
was then allowed to remain at -78°c for one hour before adding the 
spin trap.
At the end of the one hour incubation, the ozonated sample was 
again flushed with argon for five minutes. A 1-mL portion of the 
sample was quickly transferred to an ESR tube containing 0.5 mL of a 
0.1 M solution of DMPO. The resulting solution was flushed with argon 
for three minutes at -78°C at a flow rate of 50 mL/minute. The tube 
was stoppered and ESR spectra obtained after the solution had warmed 
to room temperature. The spin trapping was repeated on the remaining 
1 mL of the ozonated 18:2-Me after 2.5 hours at -78°C.
The Effect of Oxygen. Into a ground glass stoppered test tube 
was placed 2.00 mL of a 0.45 M solution of 18:2-Me in n-hexane• The 
solution was brought to -78°C by suspension of the test tube in a dry 
ice-acetone bath. An ozone-oxygen mixture containing 10 umoles of 
ozone per minute was bubbled through the solution at -78°C for 15 
minutes at a flow rate of 280 mL/minute (producing a 50% reaction 
based on O3 ). The solution was then flushed with nitrogen for five 
minutes at -78°C at a flow rate of 40 mL/minute.
To each of two ESR tubes containing 0.5 mL of a 0.67 M solution 
of DMPO in n-hexane at -78“C was quickly added 0.5 mL of the ozonated
18:2-Me solution using a chilled pipette. The solutions were labeled 
Solution A and Solution B.
Solution A was flushed with argon at -78 °C for five minutes at a 
flow rate of 40 mL/minute and then warmed to room temperature. Solu­
tion B was warmed to room temperature and then flushed with argon for 
five minutes. ESR spectra were obtained from both solutions.
Determination of Radical Concentration Using DPPH Decolorization. 
Into a 10-mL ground glass stoppered test tube was placed 5.00 mL of a 
7.53 x 10”3 M solution of 18:2-Me in CFCI3 . The solution was brought 
to -78°C by immersing the test tube in a dry ice-acetone bath. The 
PUFA solution was ozonated for 15 seconds at -78°C using an ozone- 
oxygen mixture containing 0.39 umole of ozone per minute. Following 
ozonation, 2.00 mL of a 1.46 x 10”^ M solution of 1,1-diphenyl-2 
-picrylhydrazyl (DPPH) in CFCI3 , that had been standardized by UV 
(Xmax = 530 nm; e= 11,700)^^ was added to the ozonation mixture and 
the resulting solution mixed. About 3 mL of the solution was trans­
ferred to a quartz UV cell and the absorbance of the remaining DPPH 
measured at 530 nm after the solution had been removed from the dry 
ice-acetone bath and warmed to room temperature. The number of moles 
of DPPH that was removed was compared to the number present in a 
control experiment in which no ozone was used. The number of moles of 
radicals that reacted with the DPPH was then calculated using the 
equation below, where A are absorbances.
A AMoles DPPH removed = [ control - samples] x 0.007 liters
11,700
- Moles of radicals (33)
2.8 OZONATION OF 2-METHYL-2-PENTENE
As mentioned in the Introduction, PUFA are difficult to purify. 
Thus, a series of mono-olefins were subjected to the low temperature 
ozonation and spin trapping procedure to determine which of these 
might prove a useful ozonation substrate.
2.8.1 Ozonation of a Series of Mono-olefins
Solutions consisting of 4.0 x 10“^ moles of each of the olefins 
shown in Table V in 2.00 mL of CFCI3 were prepared and placed in 
ground-glass stoppered test tubes. The tubes and solutions were 
brought to -78°C by being suspended in a dry ice-acetone bath. Each 
solution was ozonated for three minutes at -78 °c using an ozone-oxygen 
mixture containing 80 umoles of ozone per minute (ozone sufficient to 
produce a 60% reaction). The solutions were flushed with nitrogen at 
-78°C for two minutes at a nitrogen flow rate of 100 mL per minute.
To each solution was added 0.5 ni of a 0.1 H solution of PBN in 
CFCI3 that had been cooled to -78°C. Each solution was then warmed 
to room temperature for two minutes and then returned to -78°C. A 
0.5-mL aliquot of each solution was transferred to an ESR tube at 
-78°C and each was deoxygenated by flushing with argon at a flow rate 
of 50 mL/minute for two minutes. ESR spectra were obtained on each 
solution two minutes from the time the ESR tubes containing the spin- 
adduct solutions were removed from the -78°C bath.
Spin adduct concentrations in each solution were determined by 
comparison of the peak height of the unknown spin adduct to that of di- 
tert-butyl nitroxide (DTBN*) using the most downfield peak in each
Table V. Relative Yields of Spin-Trapped Radicals
Olefin % Yield® Relative Yield
cis-CH3CH2CH=CHCH2CH3 5.5 x 10"4 (1)
trans-CH3CH=CHC(CH3 )3 6.0 x 10~4 1.1
trans-CH3CH2CH=CHCH2CH3 1.1 x 10"3 2.0
ch2=chch(ch3 )ch2ch2ch3 1.0 x 10~3 5.7
ch2=chc(ch3 )3 3.6 x 10-3 6.6
ch2=c(ch3 )CH2 C (CH3 )3 • O X o 1 t
o
18.2
ch3 c(ch3 ) =c ( ch3 ) ch3 1.4 x 10“2 25.0
ch3c(ch3 )=chch2ch3 3.2 x 10“2 58.0
Moles of Spin Adduct/Mole of Ozone Added x 100%. £  Yield
determined in a separate experiment and included here for comparative 
purposes.
spectrum.
As shown in Table V, 2-methyl-2-pentene gave the highest yield of 
spin-trapped radicals. It was, therefore, selected for further study.
2.8.2 Spin Trapping with PBN
Low Temperature Study. A 10-mL portion of a 0.41 M solution of 
2—methyl-2—pentene (2M2PE) in CFCI3 was placed in a bubbler and 
brought to -78 °C by being suspended in a dry ice-acetone bath. An 
ozone-oxygen mixture containing 150 umoles of ozone per minute was 
bubbled through the solution for 20 minutes (sufficient to produce a 
75% reaction based on the ozone added). The solution was then flushed 
with nitrogen for 15 minutes at -78°C and 1.0 mL of a0.1 M solution 
of PBN in CFCI3 , which had previously been brought to -78°C, was 
added. About 1 mL of the resulting solution was quickly transferred 
to an ESR tube that was suspended in the -78°c bath. Argon, at a flow 
rate of 50 mL/minute, was bubbled through the solution for five minu­
tes at -78°C. The tube was stoppered and quickly transferred to the 
ESR spectrometer cavity which was equipped with the low temperature 
apparatus and previously set at -78®C. ESR spectra were obtained at 
-78°C and at 10-degree intervals up to room temperature.
Quick Warmup. Into a 25-mL bubbler was placed 10 mL of a 0.39 M 
solution of 2M2PE in CFCI3 . The solution was brought to -78°C by 
being suspended in a dry Ice-acetone bath. The solution was ozonated 
using an ozone-oxygen mixture containing 150 umoles of ozone per 
minute at a flow rate of 100 mL/minute for 15 minutes (sufficient to 
produce a 55% reaction based on the ozone added).
The ozonated solution was flushed with nitrogen at -78°C for 15
minutes at a flow rate of 50 mL/minute. To the solution at -78 °C was
added 1.00 mL of a 0.10 M solution of PBN in CFCI3 that had also been
brought to -78°C. Using a chilled pipette, 1.00 mL of the solution 
was rapidly transferred to an ESR tube that was immersed in the dry 
ice-acetone bath.
Argon was then bubbled through the solution in the ESR tube for 
10 minutes at a flow rate of 25 mL/minute. The ESR tube was then
stoppered and ESR spectra were obtained as soon as the sample was
removed from the dry ice-acetone bath, during warming to room tem­
perature, and for about five minutes thereafter.
The Effect of Oxygen on the Spin-Trapped Radicals. Two 10.00-mL 
portions of a 0.39 H solution of 2M2PE in CFCI3 were placed into 
separate bubblers labeled A and B and each brought to -78°C by 
suspending the bubblers in a dry ice-acetone bath. Each solution was 
ozonated for 15 minutes at -78°C using an ozone-oxygen mixture con­
taining 150 umoles of ozone per minute at a flow rate of 100 mL/minute 
(ozone sufficient to produce a 55% reaction). Nitrogen was bubbled 
through Solution A at -78°C for 10 minutes at a flow rate of 50 
mL/minute while oxygen was bubbled through solution B for 10 minutes 
at -78°C also at a flow rate of 50 ffiL/minute. To each solution was 
added 1.00 mL of a0.1 M solution of PBN in CFCI3 while the bubbling 
still continued, and the bubbling was continued for an additional five 
minutes thereafter. A 0.50 mL portion of each solution was rapidly 
transferred to ESR tubes labeled A and B, respectively, that were 
suspended in the dry ice-acetone bath, using a chilled pipette. Each 
solution was flushed with argon at -78°C for two minutes at a flow 
rate of 50 mL/minute. Each tube was then stoppered and warmed to room
temperature two minutes prior to obtaining ESR spectra.
The dual experiments were repeated with the only differences 
being that the two solutions to which the PBN had been added were 
warmed to 0°C for one hour prior to the argon flush, returned to 
-78°C, and then flushed with argon for five minutes. ESR spectra were 
obtained from each solution following warming to room temperature for 
two minutes.
The Effect of Incubation at -78 °C and 0°C in the Absence of the 
Spin Trap, into a 25-mL ground glass stoppered bubbler that was 
suspended in a dry ice-acetone bath at -78°C was placed 10.00 mL of a 
0.39 M solution of 2M2PE in CFCI3 • The solution was ozonated for 15 
minutes at -78 °C using an ozone-oxygen mixture containing 150 umoles 
of ozone per minute at a flow rate of 100 mL/minute (sufficient to 
produce a 58% reaction). Following ozonation, the solution was 
divided into two equal parts: Solution A was placed in a ground glass
stoppered test tube that was suspended in an ice-water bath at 0°C; 
Solution B was kept in a ground glass stoppered test tube at -78°C. 
Each solution was kept at its respective temperature for 17 hours. At 
the end of the incubation, Solution A was returned to -78°C and both 
solutions flushed with nitrogen at -78°C for 10 minutes at a flow rate 
of 50 mL/minute. To each was then added 1.00 mL of a 0.1 M solution 
of PBN in CFCI3 . About 0.5 mL of each solution was transferred to 
separate ESR tubes labeled A and B that were suspended in the dry ice- 
acetone bath. Each solution was flushed with argon for two minutes at 
-78 °c  at a flow rate of 50 mL/minute. Both tubes were then stoppered 
and ESR spectra were obtained on each as soon as it was removed from 
the dry ice-acetone bath, while it was warming to room temperature,
and for up to 45 minutes after it had reached room temperature.
Warming to Room Temperature in the Absence of the Spin Trap.
Into a 25-mL ground glass stoppered bubbler was placed 10.00 mL of a 
0.39 M solution of 2M2PE in CFCI3 . The solution was ozonated for 15 
minutes at -78°c using an ozone-oxygen mixture containing 150 umoles 
of ozone per minute at a flow rate of 100 mL/minute. The solution was 
flushed at -78°C with nitrogen for 15 minutes at a flow rate of 50 
mL/minute. The bubbler containing the ozonated solution was removed 
from the dry ice-acetone bath and allowed to warm to room temperature 
and to remain at that temperature for 30 minutes. Following the room 
temperature incubation, the bubbler was once more immersed in the dry 
ice-acetone bath for five minutes. To the ozonated solution was then 
added 2.00 mL of a 0.10 M solution of PBN in CFCI3 that had previously 
been brought to -78°C. A 1.00-mL portion of the resulting solution 
was rapidly transferred to an ESR tube, that was immersed in the dry 
ice-acetone bath, using a chilled pipette. The solution in the ESR 
tube was then flushed with argon for 10 minutes while at -78°C at a 
flow rate of 50 mL/minute. The ESR tube was stoppered and ESR spectra 
were obtained immediately and for up to 48 minutes following removal 
from the dry ice-acetone bath.
The experiment was repeated without the nitrogen flush that 
immediately precedes the room temperature incubation.
Warming to Room Temperature for Two Hours; The Effect of Oxygen. 
Into a 25-mL ground glass stoppered bubbling tube was placed 10.00 mL 
of a 0.39 M solution of 2M2PE in CFCI3 . The solution was brought to 
-78°C by Immersing the bubbling tube in a dry ice-acetone bath. An
ozone-oxygen mixture containing 150 umoles of ozone per minute was 
bubbled through the solution for 15 minutes at -78°C at a flow rate of 
100 mL/minute. The bubbling tube was removed from the dry ice-acetone 
bath and the solution allowed to stand at room temperature for one 
hour. During the incubation, the tube was closed and no gases were 
allowed either in or out. Following the incubation, the bubbling tube 
containing the ozonated solution was once more immersed in the dry
ice-acetone bath. A 1.00-mL portion of a 0.10 M solution of PBN in
CFCI3 , that had previously been brought to -78°C, was added to the
ozonated solution and about 1 mL of the resulting solution rapidly
transferred to each of two ESR tubes that were immersed in the dry
ice-acetone bath. Argon was bubbled through one of the solutions in
the ESR tubes at 50 mL/minute for 15 minutes while oxygen was bubbled 
through the other solution for the same period of time and at the same
flow rate. Both tubes were stoppered and allowed to stand at room
temperature for 20 minutes. Each tube was then returned to -78°c and 
then flushed with argon for 10 minutes at 50 mL/minute. Both tubes 
were stoppered and ESR spectra were obtained as soon as the solutions 
were removed from the -78°c bath and for up to 25 minutes thereafter.
The Effect of Added Methanol and Ethanol. Into a ground glass 
stoppered test tube was placed 2.00 mL of a 0.16 M solution of 2M2PE 
in CFCI3 • The solution was brought to -78°C by immersing the test 
tube in a dry ice-acetone bath. An ozone-oxygen mixture containing 80 
umoles of ozone per minute was bubbled through the solution for 3 
minutes at a flow rate of 100 mL/minute (to give a 60% reaction). The 
ozonated solution was flushed with nitrogen at -78°C for five minutes 
at a flow rate of 50 mL/minute. To the ozonated solution was added
0.50 mL of methanol that had been previously brought to -78°C. 
Following a five minute incubation at -78°C, to the reaction mixture- 
methanol solution was added 0.50 mL of a 0.1 M solution of PBN in 
CFCI3 . About 0.5 mL of the resulting solution was rapidly transferred 
to an ESR tube that was immersed in the dry ice-acetone bath. The 
solution in the ESR tube was flushed with argon at -78°C for three 
minutes, the ESR tube stoppered, and ESR spectra obtained as soon as 
the tube was removed from the dry ice-acetone bath and for five minu- ' 
tes thereafter.
The above experiment was repeated with 0.50 mL of ethanol added 
in place of methanol.
2.8.3 Spin Trapping with 2-Methyl-2-nitrosopropane
Rapid Warmup. Into a ground glass stoppered bubbling tube was 
placed 10.00 mL of a 0.39 M solution of 2M2PE in CFCI3 . The solution 
was brought to -78°C by immersing the bubbling tube in a dry ice- 
acetone bath. An ozone-oxygen mixture containing 150 umoles of ozone 
per minute was bubbled through the solution for 15 minutes at a flow 
rate of 100 mL/minute. Following the ozonation, nitrogen was bubbled 
through the solution for 10 minutes at -78°C at a flow rate of 50 
mL/minute. To the ozonated solution was added 20 milligrams of NtB in 
the dark (sufficient to produce a 0.02 M solution). The nitrogen 
flush was continued during the NtB addition and for five minutes 
thereafter. About 0.5 mL of the resulting solution was rapidly trans­
ferred (using a pre-cooled 0.50-mL micropipette) in the dark to an ESR 
tube that was suspended in the dry ice-acetone bath. The solution in 
the ESR tube was flushed with argon for two minutes in the dark at
-78°C at a flow rate of 50 mL/minute. The ESR tube was then stoppered 
and ESR spectra were obtained in the dark as soon as the ESR tube con­
taining the spin adduct solution was removed from the dry ice-acetone 
bath and for about 10 minutes thereafter.
The Effect of Prolonged Incubation at -78°C and 0°C. Into a 
25-mL ground glass stoppered bubbling tube was placed 12.00 mL of a 
0.33 M solution of 2M2PE in CFCI3 . The solution was brought to -78 °c  
by immersing the bubbling tube in a dry ice-acetone bath. An ozone- 
oxygen mixture containing 150 umoles of ozone per minute was bubbled 
through the solution for 15 minutes at -78°c  at a flow rate of 100 
mL/minute (sufficient to produce a 55% reaction based on the ozone 
added).
Following ozonation, 6.00 mL of the ozonation solution was trans­
ferred to a 10-mL ground glass stoppered test tube that was immersed 
in the dry ice-acetone bath. The test tube was stoppered and placed 
in an ice-water bath at 0°C. Both the 0°C solution and the original 
ozonation solution, still at -78°c, were allowed to incubate at their 
respective temperatures for 16 hours.
Following the incubations, the O^c sample was returned to -78°C 
and both solutions were flushed with nitrogen for 15 minutes at a flow 
rate of 50 mL/minute.
A 0.1 M solution of NtB in CFCI3 was prepared in the dark. A 
1.0-mL portion of the NtB solution was brought to -78°C and then added 
to each of the ozonation solutions. About 0.5 mL of the resulting 
solutions were transferred in the dark to separate ESR tubes that 
were immersed in the dry ice-acetone bath. Each solution was flushed 
of oxygen using argon at a flow rate of 50 mL/minute for two minutes
at -78°C. Both tubes were stoppered and ESR spectra were obtained in 
the dark as soon as the solutions were removed from the dry ice- 
acetone bath and for 25 minutes thereafter.
2.9 OZONATION OF TETRAMETHYLETHYLENE
Since 2-methyl-2-pentene, a trisubstituted olefin, produced the 
largest yield of spin-trapped radicals in experiment 2.8.1 {Table V), 
and is also the most substituted olefin in that group, it seemed 
reasonable to study the low temperature ozonation and spin trapping 
using tetramethylethylene (TME), a tetra-substituted olefin. A simi­
lar series of experiments was applied to this olefin as was applied to 
2M2PE.
2.9.1 Spin Trapping with PBN
Rapid Warmup. Into a 5 x 178 mm quartz ESR tube attached to the 
apparatus shown in Figure 5 was placed 1.00 mL of a 0.25 M solution of 
TME in CFCI3 . The solution was brought to -78°C by immersing the 
lower portion of the ESR tube into a dry ice-acetone bath. The 1ME 
solution was ozonated at -78°C for five minutes using an ozone-oxygen
stream containing 12 umoles of ozone per minute at a flow rate of 40
mL/minute {sufficient to produce a 24% reaction based on the ozone
added}. The ozonated solution was flushed with argon at -78°c for
five minutes at a flow rate of 50 mL/minute. To the solution was 
added, through the septum, 1.00 ntLof aO.1 M solution of PBN in 
CFCI3 . The argon flush was continued for an additional five minutes 
at -78°C. The ESR tube was removed from the apparatus and stoppered.
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Figure 5. Low temperature ozonation apparatus.
ESR spectra were obtained immediately upon removing the ESR tube con­
taining the sample solution from the dry ice-acetone bath and for 
eight minutes thereafter.
The above experiment was repeated using an ozone-nitrogen mixture 
containing 25 umoles of ozone per minute at a flow rate of 50 
mL/minute. ' The ozonation was performed for five minutes, giving a 50% 
reaction based in the ozone added.
Gradual Warmup. Into a 5 x 178 quartz ESR tube attached to the 
apparatus shown in Figure 5 was placed 1.00 mL of a 0.25 M solution of 
TME in CFCI3 . The solution was brought to -78°C by immersing the 
lower portion of the ESR tube in a dry ice-acetone bath. An ozone- 
oxygen mixture containing 15 umoles of ozone per minute was bubbled 
through the solution at -78°C for 10 minutes at a flow rate of 50 
mL/minute (sufficient to produce a 60% reaction based on the ozone 
added). The solution was flushed for 15 minutes with argon at -78°C 
at a flow rate of 50 mL/minute. To the solution was added, through 
the septum, 1.00 mL of a 0.10 M solution of PBN in CFCI3 • The 
resulting solution was flushed with argon for an additional 10 minutes 
while still at -78°C. The stainless steel needle was removed from the 
upper portion of the apparatus and the stopcock closed. The lines 
from the O3/O2 generator and to the KI trap were removed. The entire 
apparatus was quickly placed in the ESR spectrometer cavity that was 
equipped with the low temperature apparatus, the temperature of which 
had been previously set at -78°C. ESR spectra were obtained at -78°C 
and in 10-degree increments up to room temperature (ca* 25°C). At 
each temperature setting, a five minute delay was allowed for thermal 
equilibrium of the sample after the temperature had apparently stabi-
lized. The heights of the most downfield set of peaks was monitored 
over a period of several hundred seconds at each temperature.
The Effect of Warming in the Absence of the Spin Trap. Into a 
5 x 178 nun quartz ESR tube attached to the apparatus shown in Figure 5 
was placed 1.00 miL of a 0.25 M solution of TME in CFCI3 . The solution 
was brought to -78°C by immersing the lower portion of the ESR tube 
into a dry ice-acetone bath. The TME solution was ozonated for 15 
minutes at -78°C using an ozone-nitrogen mixture containing 17 umoles 
of ozone per minute (sufficient to bring the reaction to 100% 
completion). The solution was flushed with argon at -78 °C for 30 
minutes at a flow rate of 50 mL/minute. The ozonated solution was 
then held at -78°C for one hour under continuous argon flush.
At the end of the one hour incubation, 1.00 mL of a 0.25 M solu­
tion of PBN in CFCI3 was added to the ozonation mixture through the 
septum with a 5-mL syringe. The argon flush was continued for an 
additional 10 minutes, the stainless steel needle withdrawn, and the 
stopcock closed.
ESR spectra were obtained by inserting into the ESR spectrometer 
cavity the ESR tube attached to the apparatus shown in Figure 5 after 
the lines from the ozone reservoir and to the KI trap had been 
removed. The spectra were taken as soon as the sample was removed 
from the dry ice-acetone bath and for five minutes thereafter.
The above experiment was repeated with the ozonation mixture held 
at -50°C in an n-butyl amine-liquid nitrogen bath for 30 minutes under 
argon flush before adding the spin trap solution. The bath was 
prepared by slowly pouring liquid nitrogen into a 1-liter dewar con-
taining 500 mL of n-butyl amine with stirring until a slush was 
obtained.
The experiment was repeated with the ozonation mixture held at 
-27°c in an ice-methanol bath for 30 minutes before adding the spin 
trap. The ice-methanoi bath was prepared by pouring about 500 fflL of 
methanol into a 1-liter dewar that was filled with ice and stirring 
until the temperature stabilized.
The experiment was repeated with the ozonation mixture held at 
0*C in an ice-water bath for 30 minutes under an argon flush before 
adding the spin trap.
The Effect of Added Methanol. Into a 5 x 178 mm quartz ESR tube 
attached to the apparatus shown in Figure 5 was placed 1.00 mL of a 
0.25 solution of TME in CFCI3 • The solution was brought to -7B°C by 
immersing the lower portion of the ESR tube into a dry ice-acetone 
bath. The solution was ozonated at -78°c for'10 minutes using an 
ozone-nitrogen mixture containing 15 umoles of ozone per minute 
(sufficient to produce a 60% reaction based on the ozone added). The 
ozonated solution was flushed at -78°C with argon for 10 minutes at a 
flow rate of 50 mL/minute. To the ozonated solution was added 1.00 mL 
of a CFCI3 solution that was 0.25 M in PBN and 2.5 M in methanol 
through the septum using a 5-mL syringe. The argon flush was con­
tinued for an additional 10 minutes at -78°C. The stainless steel 
needle was then removed and the stopcock closed. The lines from the 
ozone reservoir and to the KI trap were removed and the apparatus 
inserted into the ESR spectrometer cavity. ESR spectra were obtained 
as soon as the solution was taken out of the dry ice-acetone bath.
The Effect of added BHA. Into a 5 x 178 mm quartz ESR tube 
attached to the apparatus shown in Figure 5 was placed 1.00 tfL of a 
0.25 M solution of 1ME in CFCI3 • The solution was brought to -78°C by
immersion in a dry ice-acetone bath. The solution was ozonated using
an ozone-nitrogen mixture containing 15 umoles of ozone per minute for 
five minutes (sufficient to produce a 30% reaction based on the ozone 
added). The solution was then flushed with argon at -78°C for 15
minutes at an argon flow rate of 50 mL per minute. To the ozonated
solution was added a 1.00 mL of a 0.01 M solution of 2-tert-butyl- 
4-methoxyphenol (BHA) in CFCI3 and the resulting solution flushed with 
argon for an additional 10 minutes. The solution was then allowed to
incubate for 15 minutes at -78°C.
Following incubation, 0.5 mL of a .02 M solution of PBN in 
CFCI3 was added to the ozonated solution containing BHA. The 
resulting solution was flushed with argon for five minutes, the ozone
and argon lines removed, and the tube sealed. The solution was
allowed to warm to room temperature in the ESR spectrometer cavity 
while obtaining ESR spectra.
In a repeat of the above experiment, the ozonated solution con­
taining the BHA was warned to 0°C for 15 minutes prior to the addition 
of the PBN solution. This solution was then returned to -78°C and the 
PBN solution added. The resulting solution was then warmed to room 
temperature in the cavity of the ESR spectrometer while obtaining ESR 
spectra.
2.9.2 Spin Trapping with 2-Methyl-2-nitrosopropane
Into a 5 x 178 mm quartz ESR tube attached to the apparatus shown
in Figure 5 was placed 1.00 mL of a 0.25 H solution of TOE in CFCI3 . 
The solution was brought to - 7 8 ° c  by immersing the lower portion of 
the ESR tube in dry ice-acetone bath. The solution was ozonated at 
- 7 8  °C for 15 minutes using an ozone-nitrogen mixture containing 16 
umoles of ozone per minute at- a flow rate of 50 mL/minute sufficient 
to produce a 95% reaction. Following the ozonation, the solution was 
flushed at - 7 8 ° c  with argon for 15 minutes at a flow rate of 50 
mL/minute. A 0.10 M solution of NtB in CFCI3 was prepared in the dark 
and 1.00 mL added to the ozonation solution through the septum. The 
argon flow was continued for an additional 10 minutes, the stainless 
steel needle removed, and the stopcock closed. The lines from the 
ozone reservoir and to the KI trap were removed and the remainder in 
the apparatus placed directly into the cavity of the ESR spectrometer. 
ESR spectra were obtained in the dark as soon as the sample was 
removed from the dry ice-acetone bath. After 10 minutes, the room 
lights were turned on and an additional ESR spectrum obtained.
2.10 OZONATION OF cis-3-HEXENE
2.10.1 Spin Trapping with PBN
Into a 25-mL ground glass stoppered bubbling tube was placed 
10.00 mL of a 0.38 M solution of cis-3-hexene in CFCI3 . The solution 
was brought to -78°C by immersing the bubbling tube into a dry ice- 
acetone bath. An ozone-oxygen mixture containing 150 umoles of ozone 
per minute was bubbled through the solution at -78°C for 15 minutes at 
a flow rate of 100 mL/minute (sufficient to produce a 56% reaction 
based on the ozone added). Following ozonation, the olefin solution
was held at -78°c for 17 hours in the dry ice-acetone bath. At the 
end of the incubation, the solution was flushed with nitrogen at -78°C 
for 10 minutes at a flow rate of 40 mL/minute. To the ozonated solu­
tion was added 1.00 mL of a 0.10 M solution of PBN in CFCI3 . About 
0.5 mL of the resulting solution was rapidly transferred (to avoid 
warming) to an ESR tube that was immersed in the dry ice-acetone 
bath. The solution in the ESR tube was flushed with argon at -78°C 
for two minutes at a flow rate of 50 mL/minute. The ESR tube was 
stoppered and ESR spectra were obtained as soon as it was removed from 
the dry ice-acetone bath and for 45 minutes thereafter.
The experiment was repeated with the ozonated olefin solution 
held at 0°C in an ice-water bath for 17 hours prior to its being 
returned to -78°C and the spin trap added.
2.10.2 Spin Trapping with 2-Methyl-2-nitrosopropane
Into a 25-mL ground glass stoppered bubbling tube that was 
suspended in a dry ice-acetone bath at -78°c, was placed 10.00 mL of a 
0.38 M solution of cis-3-hexene in CFCI3 . The solution was ozonated 
for 10 minutes at -78°c using an ozone-oxygen mixture containing 150 
umoles of ozone per minute at a flow rate of 100 mL/minute (ozone suf­
ficient to produce a 39% reaction). Following the ozonation, the 
solution was flushed with nitrogen at -78°c for 10 minutes at a flow 
rate of 50 mL/minute. The room lights were turned out and 1.00 mL of 
a 0.57 M solution of NtB in CFCI3 was prepared. The NtB solution was 
first brought to -78°C and then added to the ozonation solution. 
Nitrogen was bubbled through the solution during addition of the spin 
trap and, afterwards, for an additional five minutes. About 1 mL of
the resulting solution was quickly transferred in the dark to an ESR 
tube that was immersed in the dry ice-acetone bath. The solution in 
the ESR tube was flushed with argon at -78°C in the dark for two 
minutes at a flow rate of 50 mL/minute. The ESR tube was stoppered 
and ESR spectra were obtained in the dark as soon as the solution was 
removed from the dry ice acetone bath, and for 10 minutes thereafter.
2.11 OZONATION OF SUBSTRATES WITH REACTIVE HYDROGENS
As stated above, an ozonation mixture contains numerous compounds 
with reactive hydrogens (e.g. aldehydes, hydroperoxides, and ozonides) 
1 that could react with ozone to produce hydrotrioxides (Eqs. 1-4), 
and these may ultimately decompose to radicals (Eqs. 5 and 6 ). Thus, 
a series of low temperature ozonations accompanied by spin trapping 
was performed using acetals, tetrahydrofuran, and propanal.
2.11.1 1,3-Pioxolane
Spin Trapping with DMPO. Into a 10-mL ground glass stoppered 
test tube was placed 4.Q0 miL of a 0.18 M solution of 1,3-dioxolane in 
CFCI3 . The solution was brought to -78°C by immersing the test tube 
into a dry ice-acetone bath. The solution was ozonated at -78 °c for 
three minutes using an ozone-oxygen mixture containing 42 .umoles of 
ozone per minute at a flow rate of 100 mL/minute (sufficient to 
produce an 18% reaction based on the ozone added). Following the 
ozonation, the solution was flushed with nitrogen at -78°C for five 
minutes at a flow rate of 50 mL/minute. A 1.00-mL portion of this 
solution was .transferred to a 4-mL ground glass stoppered test tube 
containing 1.00 m L o f  a 0.1 M solution of DMPO in CFCI3 and suspended
in the dry ice-acetone bath. The solutions were mixed and allowed to 
warm to room temperature with the test tube stoppered. About 1 mL of 
the spin-adduct solution was transferred to an ESR tube and then 
flushed with argon for three minutes at a flow rate of 50 miL/minute. 
An ESR spectrum was then obtained on the solution in the ESR tube.
The above experiment was repeated using 2,2-dimethyl-1,3-dioxolane as 
the ozonation substrate. All experimental conditions were identical 
and the ESR spectra were obtained under the same instrumental con­
ditions.
The above experiments were repeated using n-pentane as solvent 
for the two acetals and for the DMPO solutions added in each experi­
ment. Here again, all other experimental conditions were reproduced 
as nearly as possible.
Spin Trapping with PBN. The ozonation of 1,3-dioxolane in 
CFCI3 , described in the previous section, was repeated using PBN as 
the spin trap. In this experiment, 1.0D UL of a 0.1 M solution of 
PBN in CFCI3 was added to the ozonation mixture at -78°C following the 
five-minute argon flush. All other experimental and instrumental con­
ditions were the same.
2.11.2 2-Phenyl-1,3-dioxolane
Into a 5-mL ground glass stoppered test tube was placed 2.00 mL 
of a 0.12 M solution of 2-phenyl-1,3-dioxolane in CFCI3 . The test 
tube was suspended in a dry ice-acetone bath and the solution was ozo- 
nated for three minutes using an ozone-oxygen mixture containing 50 
umoles of ozone per minute and at a flow rate of 300 mL/minute 
(sufficient to produce a 62% reaction based on the ozone added).
Following the ozonation, an additional 25 uL of the substrate was 
added to the ozonated solution at -78°C to remove any unreacted ozone. 
To the solution was added 0.50 mL of a 0.5 M solution of DMPO in 
CFCI3 . The solutions were mixed and allowed to warm to room tem­
perature. about 0.5 mL of the spin-adduct solution was transferred to 
an ESR tube and then flushed with argon for two minutes at a flow rate 
of 50 mL/minute. The ESR tube was then stoppered and an ESR spectrum 
obtained.
The above experiment was repeated using n-pentane as the solvent 
both for the ozonation mixture and for the spin trap. All other con­
ditions were the same.
2.11.3 Tetrahydrofuran
Into a 5-mL ground glass stoppered test tube was placed 2.10 mL 
of a 0.59 M solution of tetrahydrofuran (THF) in n-pentane. The solu­
tion was brought to -78°C by immersing the test tube in a dry ice 
acetone bath. The solution was ozonated at -78°C with an ozone-oxygen 
mixture containing 35 umoles of ozone per minute for six minutes and 
at a flow rate of 100 mL/minute (sufficient to produce a 17% reaction 
based in the ozone added). Following the ozonation, the solution was 
flushed with nitrogen at -78°C for six minutes at a flow rate of 50 
mL/minute. To the ozonated solution was added 1.00 mL of a 0.09 M 
solution of DMPO in n-pentane. The resulting solution was allowed to 
warm to room temperature and a 0 .5-mL portion transferred to an ESR 
tube. The solution was flushed with argon for three minutes at a flow 
rate of 50 mL/minute. The ESR tube was then stoppered and an ESR 
spectrum obtained.
2.11.4 18;1—Me Ozonide
A solution consisting of 25 uL of the ozonide of methyl oleate 
(18:1-Me) in 5 mL of methylene chloride was prepared in a 10-mL ground 
glass stoppered test tube. The solution was brought to -78°C by 
immersing the test tube in a dry ice-acetone bath. The solution was 
ozonated at -78°C for 30 seconds using an ozone-oxygen mixture con­
taining about 450 umoles of ozone per minute. At the end of the 30 
second ozonation/ the solution had become quite blue. The solution 
was incubated at -78°C for 15 minutes after which time it still 
appeared to be as blue as in the beginning, indicating that no reac­
tion had occurred. No attempt was made to perform the spin-trapping 
portion of the experiment.
The experiment was repeated using n-pentane as the solvent. The 
observations in this case were the same as above.
2.11.5 Propanal
A 0.10 M solution of propanal was prepared and a 1.00-mL portion 
placed in the apparatus shown in Figure 5 r that was suspended in a dry 
ice-acetone bath. This solution was ozonated at -78°c using an ozone- 
nitrogen mixture containing 0.18 umole of ozone per minute for 30 
minutes (sufficient to produce a 5.3% reaction based on the ozone 
added).
The solution was flushed with argon at -78°C for 30 minutes at 50 
mL/minute, and 1.00 Mi of a 0.1 M solution of DMPO in CFCI3 added 
through the septum while flushing with argon. The ESR tube portion of 
the apparatus was removed and stoppered and ESR spectra were obtained 
while the solution was warming from -78°c to room temperature.
2.12 CONTROLS
Due to the novelty of the methods presented herein and to the 
importance of the results obtained, it was necessary to perform a 
number of control experiments that were designed to prove the validity 
of the results.
2.12.1 Solvent Blanks
Blank experiments were performed on the three solvents used in 
the experiments reported herein, i.e., n-hexane, n-pentane, and CFCI3 . 
In each case 2.00 mL of the appropriate solvent was placed in a 4-mL 
ground glass stoppered test tube and ozonated at -78°C (immersed in a 
dry ice-acetone bath) for 15 minutes using an ozone-oxygen mixture 
containing 35 umoles of ozone per minute. The solutions were flushed 
at —78°C with nitrogen for five to six minutes at a flow rate of 50 
mL/minute. To the ozonated solutions was added 0.50 mL of a 0.43 M 
solution of DMPO in the particular solvent being tested. The solu­
tions were further flushed with nitrogen at -78°C and about 0.5 mL 
transferred to an ESR tube that was immersed in the dry ice-acetone 
bath. The solutions in the ESR tubes were then flushed with argon for 
five minutes at -78°C at a flow rate of 50 mL/minute, the tubes stop­
pered, and ESR spectra obtained as soon as the tubes were removed from 
the -78°C bath.
In no case was an ESR signal obtained from any of the solvents.
2.12.2 Oxygen Blanks
Oxygen blanks were run by repeating the ozonation experiments
using only oxygen rather than an ozone-oxygen mixture to perform the 
low temperature bubbling.
In one experiment, 4.00 mL of a 0.3 M solution of 18:2-Me in 
n-hexane was placed in a 10-mL ground glass stoppered test tube that 
was suspended in a dry ice-acetone bath at -78°C. An oxygen stream 
was bubbled through the solution at -78“C for 10 minutes at 150 
mL/minute. The solution was then flushed with nitrogen at -78°C for 
30 seconds at a flow rate of 300 ffiL/minute. A 0.5-mL portion of the 
solution was transferred to an ESR tube, that was suspended in the dry 
ice-acetone bath, containing 50 mg of PBN. The resulting solution was 
flushed with argon at -78°C for three minutes at a flow rate of 50 
mL/minute, the tube stoppered, and an ESR spectrum was obtained as 
soon as the solution was removed from the dry ice-acetone bath.
The above experiment was repeated using solutions of both DMPO 
and NtB as spin trap. In addition, the same control was done using 
2M2PE and TME as substrate.
In no case was an ESR signal obtained.
2.12.3 Ozonation of Stearic Acid
Into a 30-mL ground glass stoppered bubbling tube was placed 25 
mL of a 0.05 M solution of stearic acid (18;0-OH) in n-hexane. The 
solution was brought to -78°C by immersing the bubbling tube in a dry 
ice-acetone bath. An ozone-oxygen mixture containing 105 umoles of 
ozone per minute was bubbled through the 1B:Q-0H solution at -78°C for 
one hour at a flow rate of 30 mL/minute. The ozonated solution was 
flushed with nitrogen at -78°C for five minutes at a flow rate of 50 
mL/minute. A 0.50-mL portion of the ozonated solution was transferred
to an ESR tube suspended in the dry ice-acetone bath and containing 
0.5 mL of a 1.00 M solution of DMPO in CFCI3 . The solution in the ESR 
tube was flushed with argon for five minutes at -78°C, the tube stop­
pered, and the solution warmed to room temperature. An ESR spectrum 
was obtained immediately. No ESR signal was observed in this case.
2.12.4 Dirty Versus Clean PUFA
This experiment compares the radicals spin trapped when the 
substrate is 18:2-Me that has been allowed to stand at room tem­
perature and open to the atmosphere to radicals spin trapped from 
purified 18:2-Me. This "dirty" PUFA was spectrophotometrically 
assayed prior to the ozonation for its conjugated diene (CD) content 
at 233 nm (A233)8^'88 and found to contain almost 31% CD. In addition, 
it was assayed for its hydroperoxide (ROOH) content and found to con­
tain nearly 38% by the Fe(SCN)2 method^®. The purified 18:2-Me 
used contained 0.14% CD and 0.03% ROOH. Solutions of the two sub­
strates consisting of 50 uL in 2.00 mL of pentane were prepared in 
separate ground glass stoppered test tubes. Both tubes were brought 
to -78°C by being immersed in a dry ice-acetone bath. Both solutions 
were ozonated at -78°c for five minutes using an ozone-oxygen mixture 
containing 42 umoles of ozone per minute at a flow rate of 100 
mL/minute. The solutions were flushed with nitrogen at -78°C for five 
minutes at a flow rate of 50 mL/minute. To each was added 1.00 mL of 
a 0.07 M solution of DMPO in n-pentane. Following mixing, the 
resulting solutions were flushed with nitrogen for an additional five 
minutes at -78°C. About 0.5 mL of each was transferred to separate 
ESR tubes that were immersed in the dry ice-acetone bath. The solu­
tions in the ESR tubes were further flushed with argon for five 
minutes, the tubes stoppered, and the solutions allowed to warm to 
room temperature. ESR spectra, obtained as soon as the two solutions 
had reached room temperature, showed no significant differences 
between the two solutions.
2.12.5 The Reaction of DMPO with Hydroperoxides
As noted earlier, even PUFA that has been purified by the ela­
borate procedure described in Subsection 2.4.2 still contains a small 
amount of peroxidic material as detected by the A233 and Fe(SCN)2 
methods. In view of the very low concentrations of radicals that are 
detected by spin trapping, it is possible that even this low level of 
peroxidic contamination could be significant. Thus it was necessary 
to determine whether or not a reaction might occur between the spin 
trap and a model for the peroxidic material present in the PUFA.
For this control experiment, a solution was prepared consisting 
of 0.25 mL of tert-butyl hydroperoxide (0113)30-0011) and 0.25 mL of 
DMPO In 3.00 mL of n-hexane (0.71 and 0.64 M, respectively). The 
solution was mixed and then flushed with argon for five minutes while 
suspended in a dry ice-acetone bath at -78°c. The solution was then 
allowed to incubate at -78 °C for 15 minutes. Following the incuba­
tion, a 0.5-mL portion of the solution was transferred to an ESR tube 
and flushed with argon at -78°C for five minutes. An ESR spectrum was 
obtained as soon as the solution had reached room temperature.
No significant ESR signal was observed.
RESULTS
3.1 ATTEMPTED PRODUCTION OF RADICALS USING THE TECHNIQUE OF GOLDSTEIN
al.101
Ozonation of neither methyl linoleate nor linoleic acid at room 
temperature while in the cavity of the ESR spectrometer (Section 2.5) 
results in an ESR signal. On the contrary, when a gaseous ozone- 
oxygen mixture is bubbled through neat PUFA under these conditions, 
only an extremely noisy background, due to the passage of the bubbles 
through the cavity, is obtained. In addition, no solidification of 
the sample, as reported by the previous workers^-*, is observed. 
Quick-freezing the ozonation mixture (in order to stabilize the radi­
cals and observe them by ESR in the absence of the noisy bubbling 
background) also does not result in an ESR spectrum.
3.2 PHOTOLYTIC PRODUCTION OF ALKYL RADICALS BY THE METHOD OF KOCHI
AND KRUSIC140
The attempted production and observation by ESR of alkyl radicals 
by the photolysis of 10% solutions of TOOT in toluene (Subsection 
2.6.1) and in 2-methylpentane (Subsection 2.6.2) was unsuccessful; no 
radicals are observed, with cyclopentane (Subsection 2.6.3), however, 
the method proves successful, a 10-line ESR spectrum appears after 10 
minutes of photolysis at -88°C (Fig. 6 ). The spectrum consists of a 
doublet of pentuplets having a(1) = 2.15 mT (1 H) and a(2) = 3.54 mT
60
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Figure 6 . Cyclopentyl radical after 36 minutes photolysis. Gain = 1 
x 10^, Field = 320.00 mT, Power = 1.3 mW, Frequency = 9.028 GHz, Scan 
Range = + 20.0 mT, Time Constant =* 0.128 sec. Modulation amplitude = 
0.5 x 10 G, Temperature « -88°C.
(4 H), values that are very close to those reported by Fessender and 
Schuler (a(1) = 2.15 mT and a(2) = 3.52 mT) for the cyclopentyl radi­
c a l ^ .
Photolysis of a 10% solution of TOOT In methyl linoleate at -63°C 
(Subsection 2.6.4) results in the complex ESR spectrum shown in Figure 
7. The spectrum appears after a total of three hours of photolysis, 
vanishes when the light is blocked off, and, once observed, is 
regenerated within 10 minutes by turning the light back on. As can be 
seen from the figure, it consists of a large number of lines, many of 
which overlap to some degree making it difficult to assign splitting 
constants. The spectrum was compared to DPPH and found to be centered 
at approximately g = 2.003; which is within the range for carbon- 
centered radicals (Table I) •
An attempt was made to prove that the above spectrum was indeed 
that of L*, the radical which results from hydrogen abstraction at 
C*j i, the doubly ally lie position, on the methyl linoleate molecule 
(Figure 1). This was done by attempting to produce a computer simula­
tion of the above spectrum, in Figure 8a is shown the structure of 
L* with the hydrogen atoms involved in the ESR spectrum labeled 1 to 
4. Note that sets of equivalent hydrogens are numbered similarly, 
e.g. 2a and 2b. The hyperfine splittings assigned to those hydrogens 
used in the simulation were selected as follows: Hj, H2 , and H3 were
given splittings that are similar to those observed for , H2 , and 
H3 , respectively, in the ESR spectrum of the pentadienyl radical 
shown in Figure 8b; H4 was assigned splittings that are like those 
observed for the hydrogen atoms on C5 of the 1-hexen-3-yl radical 
shown in Figure 8c^^. These values along with the other parameters
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Figure 7. L* from 18:2-Me. Gain = 1 x 104, Field = 320.47 mT, Power 
= 0.7 mW, Frequency = 9.025 GHz, Scan Range = + 10.0 mT, Time Constant 
= 0.250 sec. Modulation Applitude = 0.63, Temperature = -63°C.
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Figure 8. Labeled structures for {a) L*, (b) pentadienyl, and (c) 
1-hexen-3-y1•
used in the simulation are listed in Table IV.
The simulated spectrum obtained with these parameters is shown in 
Figure 9. It can be seen that it does not match the experimental 
spectrum (Figure 7). However, in view of the large number of possible 
combinations of these parameters which, might have to be tried before 
an exact fit would be found, it was decided to proceed no further 
pending our aguisition of a computer system capable of easier simula­
tion.
A similar spectrum for L* is obtained (Figure 10) when a 10% solu­
tion of TOOT is photolyzed in linoleic acid at -35 °c using the same 
method as described above for methyl linoleate (Subsection 2.6.5). 
However, when the methyl linoleate experiment is repeated on an oxyge­
nated 10% solution of TOOT in 18:2-Me (Subsection 2.6.6), no radicals 
are detected by ESR.
An attempt to repeat the 18:2-Me experiment using azo-isobutane 
as the radical source (Subsection 2.6.7) proved unsuccessful.
(CH3 )3C-N=N-C(CH3 )3 --------— > 2 (CH3 )3C* + N2 (33)
Nitrogen, a by-product of the photolytic reaction (Eq. 33), accumula­
tes in the ESR tube during photolysis resulting in bubbles which make 
it impossible to tune the spectrometer.
3.3 SPIN TRAPPING OF RADICALS RESULTING FROM THE OZONATION OF 18:2-Me
3.3.1 Spin Trapping with 2-Methyl-2-Nitrosopropane
When a solution of 18:2-Me that has been ozonated at -78°C is 
warmed to room temperature in the presence of NtB (Subsection 2.7.1), 
the ESR spectrum shown in Figure 11a is obtained. It is a doublet of
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Figure 9. Attempted simulation of L* spectrum using Aspect 2000 com­
puter .
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2-00 mT
Figure 10. L* from 18:2-0H. Gain = 1.25 x 104, Field = 320.00 mT, 
Power =1 . 0  mW, Frequency = 9.030 GHz, Scan Range = + 10.0 mT, Time 
Constant = 0.5 sec, Modulation Amplitude = 0.80 x 1 G, Temperature = 
—35°C.
88
1 .0 0  mT
Figure 11. (a) NtB spin adduct of carbon-centered radical with one
a-hydrogen from ozonated 18:2-Mej (b) NtB spin adduct of carbon-
centered radical with one a-hydrogen and DTBN*. Field «* 335.66 mT, 
Scan Range = ± 10.00 mT, Gain = 3.2 x 102 for (a) and 3,2 x 10^ for 
(b), Modulation Amplitude = 2.0 x 0.1 G, Power = 1,0 mW.
triplets having a{N) = 1.481 and a(H) = 0.179 mT. These hyperfine 
splittings are consistent with a spin-trapped carbon-centered radical 
having one oe-hydrogen, (22) (Table VI).
R-CH2-CHiCHiCHiCHiCH-CH2-Rl
22
This is the structure of L*, the pentadienyl radical that results from 
hydrogen abstraction at the doubly allylic position of methyl lino­
leate (Figure 8a).
After exposure to room lights for five minutes, the initial 
doublet of triplets becomes nearly covered up by a large triplet with 
a(N) = 1.522 mT (Figure 11b). This hyperfine splitting is consistent 
with di-tert-butyl nitroxide (DTBN*), a photolytic product of NtB in 
Equations 34 and 35.
(CH3 )3CNO lj-9ht— > (CH3 )3C* + NO (34)
23 24 25
(CH3 )3C* + (CH3 )3CNO ----- > (CH3 )3C-N(0*)-C(CH3 )3 (35)
DTBN *
Since the g*value for DTBN■ is well known^33'^3^ provides a con­
venient internal standard for calculating the g-value of the doublet 
of triplets produced from 18:2-Me, which is found to be 2.0066. Such 
a value is also consistent with a dialkyl nitroxide^33.
3.3.2 Spin Trapping with PBN
An ozonated solution of 18:2-Me in n-hexane that is warmed from 
-78°c to room temperature in five-degree increments in the presence of 
PBN (Subsection 2.7.2) gives no ESR spectrum until the solution 
reaches -45°C, where a doublet of triplets with a(N) = 1.336 and a(H)
Table VI. Spin Adduct Splitting Constants^
R* a(N) aCH-1) a (H-2 )
A. PBN
RO* 1.344-1.455 0.139-0.287
ROO* 1.334-1.366 0.119-0.184
PhC(=0)0* 1.276-1.370 0.140-0.170
ch3c(=o)o* 1.284-1.400 0.173-0.200
HOO* 1.480 0.275
HO* 1.380-1.530 0.220-0.275
R* 1.340-1.550 0.150-0.880
B. DMPO
RO* 1.311-1.361 0.683—0.793 0.185-0.206
PhC(=0)0* 1.224 0.963 0.087
ch3 (=o)o* 1.420 1.420 0.323
HOO* 1.29-1.43 0.68-1.17 0.125
HO* 1.53 1.53 0.06
R! 1.322-1.523 1.555-2.391
C. NtB
RO* 2.70-2.95 0.11-0.15
R* 1.3-1.7 0.32-1.37(1°)
0.14-0.181(2°)
RC(=0)* 0.70-0.85 '
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Figure 12. PBN spin adduct of alkoxyl radical from ozonated 18:2-Me. 
Field = 318.00 mT, Scan Range = + 10.00 mT, Gain = 8.0 x 103, 
Modulation Amplitude = 0.63 x 1 G, Power = 1.0 mW, Frequency = 9.423.
= 0.170 mT (Figure 12) appears and slowly grows with increasing tem­
perature. This signal continues to grow slowly for several minutes at 
room temperature. The splitting constants obtained are consistent 
with a PBN spin-trapped alkoxyl radical (26) (Table VI).
Ph-CH-N(O *)-C(CH3 )3 
RO
26
When the ozonated solution is allowed to rapidly warm to room 
temperature in the presence of PBN without the low temperature control 
apparatus, the same doublet of triplets, consistent with 26, is 
obtained.
When the ozonation mixture is held at -78°C for three hours 
before adding the spin trap, the spectrum of 26 is still obtained when 
the PBN is added and the solution warmed to room temperature.
3.3.3 Spin Trapping With DMPO
Warming a solution of ozonated 18:2-Me containing DMPO from -78°C 
to room temperature in 10-degree increments (Subsection 2.7.3) results 
in no spin adduct until the solution reaches -40°C (Figure 13).*
When repetitive ESR scans are run at -40°c, a signal begins to appear 
that is a doublet of triplets having a(N) = 1.395 and a(H) « 2.020 mT 
(Figure 14). These values are consistent with a DMPO spin trapped 
alkyl radical (27) (Table VI). The signal quickly reaches a maximum 
intensity and does not appear to grow further at room temperature.
*The first warm-up is from -78®C to -60°C; from there the solution is 
warmed in 10°C increments.
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Figure 13. Spectral peakheights of DMPO-alkyl radical spin adduct 
from ozonated 18:2-Me plotted versus temperature during slow warmup.
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Figure 14. DMPO spin adduct of an alkyl radical resulting from the 
low temperature ozonation of 18:2-Me and slow warmup. A weak alkoxyl 
adduct may also be present. Field = 322.00 mT, Scan Range = + 10.0 
mT, Gain = 1.6 x 10^, Modulation Amplitude = 0.63 x 1 G, Power = 2 mw. 
Frequency = 9.022 GHz, Scan Time = 4 minutes.
t
When a similar solution is allowed to rapidly warm to room tem­
perature without the temperature control apparatus {Subsection 2.7.3, 
p. 51), ESR spectra taken during warming and after the solution has 
reached room temperature show a complex pattern (Figure 15) that con­
sists of two sets of peaks. One is a doublet of triplets of doublets 
with a(N) = 1.237, a(H-1)= 0.590, a(H-2) = 0.166 mT. This spectrum is 
that of a spin-trapped alkoxyl radical, 28. There is also a doublet 
of triplets with a{N) = 1.395 and a(H) = 2.020 mT, which is consistent 
with a spin trapped alkyl radical (27) (See Table VI).
CH2 - 
CH3 |
CH-OR
CH3
o*
28
When the ozonation is performed using an oxygen-free ozone/nitro­
gen mixture, the same alkyl and alkoxyl radical spin adducts are 
obtained under these conditions. When the ozonated 18:2-Me solution 
is held at -78°c for one hour before adding the DMPO, the ESR spectrum 
(Figure 16) shows a large alkyl radical-DPMO adduct and a weak 
alkoxyl radical-DPMO adduct, the hyperfine splittings of which are the 
same as listed above. When the spin trapping is performed after the 
ozonated solution has been kept at -78°c for three hours in the 
absence of the spin trap, the large alkyl and weak alkoxyl adduct are 
still obtained.
The presence or absence of oxygen determines the types of radicals
2  0 0  m T
Figure 15. DMPO spin adduct of alkyl radical from ozonation of 
18:2-Me. A weak alkoxyl adduct may also be present. Field = 317.80 
mT, Scan Range = + 10.00 mT, Gain = 1.25 x 104, Modulation Amplitude 
0.63 x 1 G, Power = 1 mW, Frequency = 9.022.
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Figure 16. DMPO spin aducts of alkyl and alkoxyl radicals from the 
low temperature ozonation of 18:2-Me with 1-hour incubation at -78°C 
before adding the spin trap. Field » 317.80 mT, Scan Range = + 10.0 
mT, Gain = 1.25 x 10^, Modulation Amplitude = 0.63 x 1 G, Power = 1 
mW, Frequency = 9.022 GHz, Scan Time = 4 minutes.
Figure 17. (a ) DMPO spin adducts of alkyl and alkoxyl radicals* The 
ozonated solution of 18:2-Me was wanned to room temperature in the 
presence of the spin trap before degassing. (b) DMPO spin aducts of 
alkyl and possibly alkoxyl radicals. The ozonated solution of 18:2-Me 
was warmed to room temperature in the presence of the spin trap after 
degassing. Field = 320.00 mT, Scan Range = + 20.0 mT, Gain = 1.6 x 
104, Modulation Amplitude « 0.63 x 1 G, Power = 1 mW, Scan Time = 8 
minutes.
that are spin trapped. This is demonstrated by wanning the ozonated 
18:2-Me solution to room temperature in the presence of DMPO without 
first flushing with argon or nitrogen (Figure 17a). In this case, 
considerably more spin-trapped alkoxyl radicals are observed than when 
the deoxygenation is performed prior to warming the solution to room 
temperature (Figure 17b).
3.3.4 DPPH Decolorization
The number of moles of radicals that react with a standardized 
solution of DPPH when an ozonated solution of 18:2-Me is warmed from 
—78°C to room temperature in the presence of DPPH (Subsection 2.7.3, 
p. 54) was calculated using Equation 33. A 7.53 x 10“-* M solution of 
18:2-Me ozonated with 0.27% molar equivalents of ozone, decolorized 
3.33 x 10"® moles of DPPH.
3.4 SPIN TRAPPING OF THE RADICALS FROM OZONATION OF 2-METHYL-2-PENTENE
Table V shows a series of mono-olefins that was ozonated at -78°C 
and warmed to room temperature in the presence of PBN (Subsection
2,8.1, p. 55). The radicals spin trapped were quantitated by com­
paring the spin-adduct peak heights to those of di-tert-butyl 
nitroxide. The yields of radicals spin trapped per mole of ozone 
added are listed in column #2, and the relative yields in column #3.
2-Methyl-2-pentene, the olefin giving the highest yield of spin- 
trapped radicals of the series of mono-olefins, was selected for 
further study.
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3.^.1 Low Temperature Study
An ozonated solution of 2-methyl-2-pentene shows only a weak 
doublet of triplets at -78°C in the presence of PBN (Subsection 2.8.2, 
p. 57) Figure 18a. This spin adduct spectrum has a(N) = 1.300 and a(H) 
= 0.121 mT and is identified as a PBN-acyloxyl radical adduct (29) 
(Table VI). The acyloxyl adduct spectrum appears to have a shoulder on 
the most downfield peak, indicating the presence of a second set of
Ph-CH-N(0*)-C(CH3 )3 
RC(=0)0
29
peaks. The spectrum does not change during a period of 10 minutes at
—78°C, however, after warming to -18<>C, the acyloxyl adduct has
vanished and there remains a doublet of triplets with a(N) = 1.341 and 
a(H) = 0.154 mT (Figure 18b). This spectrum is that of a PBN spin-
trapped alkoxyl radical, 26 (Table VI). In addition to the acyloxyl
and alkoxyl spin adducts, each of the spectra also has a triplet with 
a(N) = 0.771 mT that is due to N-benzoyl-N-tert-butyl nitroxide 
(PBNOx) an oxidation product of PBN,
Ph-CO-N(0*)-C(CH3 )3 
PBNOx
Figure 19 shows plots of ESR spectral peak-heights for the most 
downfield peak, normalized for attenuation, versus temperature for the 
three nitroxides, i.e. 2£, 29, and PBNOx. It can be seen that the 
acyloxyl adduct is the predominant spectral feature until the tem­
perature reaches -55°C. At this point the alkoxyl adduct becomes 
dominant and it continues to grow until the temperature reaches about 
- 1 0 ° c .
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Figure 18. (a) PBN spin adduct of acyloxyl radicals at -78°C from 
ozonation of 2-methyl-2-pentene; (b) PBN spin adduct of alkoxyl radi­
cals at — 18°C from ozonation of 2-methy1-2-pentene. Field = 312.00 
mT, Scan Range = + 10.0 mT, Gain = 1.6 x 10^, Modulation Amplitude = 
0.63 x 1 G, Power = 1 mW, Scan Time - 4 minutes.
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Fiaure 19. Spectral peak heights of PBN spin aducts of acyloxyl and 
alkoxyl radicals from 2-methyl-2-pentene and PBNOx plotted versus tem­
perature for slow warmup.
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3,^.2 Quick Warmup
Figures 20a through 20e show ESR spectra obtained at two minute 
intervals following removal of the ozonated 2M2PE—PBN solution from 
the —78®c bath and placing it in the ESR cavity at room temperature 
(Subsection 2.8.2, p. 57). The rapidly growing doublet of triplets in 
Figure 20b is an acyloxyl radical-PBN spin adduct (29) with a(N) = 
1.302 and a(H) = 0.127 mT (Table VI). This signal appears during the 
second 30-second scan, grows to a maximum intensity within the first 
two minutes out of the -78°C bath and vanishes after about three 
minutes. A second doublet of triplets with a(N) = 1.404 and a(H) = 
0.299 mT, appears during the third 30-second scan and continues to 
grow for about six minutes before starting to decay (Figure 20e). The 
hyperfine splittings from this doublet of triplets are consistent with 
an acyl radical-PBN spin adduct, (30.)* A triplet with a(N) = 0.775 mT 
appears during the fourth 30 second scan and is identified as PBNOx.
Ph—CH-N(O*)-C(CH3 )3 
RC=0
30
The peak heights, adjusted for attenuation, of the three radicals 
observed in this experiment are plotted in Figure 21 versus t, the 
time from removal of the ozonated solution from the low temperature 
bath to the start of the ESR scan.
3,^,3 The Effect of Oxygen on the Spin-Trapped Radicals
If oxygen is added to an ozonated solution of 2-methyl-2-pentene 
at -78°C and then later removed by flushing with argon prior to
10lJ>
Figure 20. (a) PBN spin adduct of acyloxyl radical from ozonation of
2-Methyl-2-pentene Immediately after removal from -78°C bath; (b) 1 
minute after removal from bath; (c) 2 minutes after removal from bath; 
(d) 3 minutes after removal from bath; (e) 4 minutes after removal 
from bath. Field = 312.00 mT, Scan Range = + 10.00 mT, Gain = 1.25 x 
10^, Modulation Amplitude = 0.63 x 1 G, Power 1 mw. Scan Time = 1 
minute.
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Figure 21.. Spectral peak heights of acyloxyl and acyl adducts of PBN 
and PBNOx plotted versus t.
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warming to room temperature (Subsection 2.8 .2, p.58), no change is 
observed in the type of radicals that are spin trapped. In this 
experiment, the acyloxyl and acyl adducts and PBNOx were each observed 
in the same order as described in the "Quick Warmup" experiment 
(Subsection 2.8.2, p. 58) (Figures 20a - 20e).
When the ozonated solution is warmed to 0°C for one hour under 
oxygen after adding the PBN (Subsection 2.8.2, p. 59), a large doublet 
of triplets with a(N) = 1.351 and a(H) = 0.178 mT (Figure 22a) is 
obtained. These values are consistent with an alkoxyl radical-PBN 
spin adduct, 26 (Table VI). PBNOx (a(N) = 0.777 mT) is also present 
and its triplet spectrum appears to be enhanced in this case.
Figure 22b shows the spin-adduct spectrum that is obtained when 
the above experiment is repeated with the ozonated solution warmed 
under an argon blanket to O'C in the presence of PBN (Subsection 
2.8.2, p. 59). Here,the acyl radical spin adduct of PBN, 30, is 
observed along with a weak alkoxyl spin adduct, 26, PBNOx, and a broad 
doublet of triplets with a(N) = 1.450 and a(H) 0.576 mT. These latter 
splittings do not fit any known spin-adduct.
3.^.4 The Effect of Prolonged Incubation at 0°C and at -78°C
Figure 23a shows the spin-adduct spectrum that is obtained when 
an ozonated solution of 2-methyl-2-pentene that has been incubated 
for 17 hours at 0°C in the absence of the ppin trap is brought to 
-78°C, the PBN added, and the resulting solution quickly warmed to 
room temperature (Subsection 2.8.2, p. 59). This spectrum appears 
five minutes after the sample is removed from the low temperature 
bath, and slowly grows to the size Bhown over a period of 45 minutes
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Figure 22 (a) Alkoxyl adduct of PBN and PBNOx from ozonated 2M2PE 
warmed to 0°C under 03 with PBN? (b) Acyl and weak alkoxyl adducts of 
PBN/ PBNOx and unknown radical from ozonated 2M2PE warmed to 0°C under 
argon with PBN* Field = 335.00 mT, Scan Range *» + 10.0 mT, Gain = 4 x 
103, Modulation Amplitude = 0.63 x 1 G, Power 1 mW, Scan Time = 4 
minutes*
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Figure 23. (a) PBN-alkoxyl adduct from ozonated 2M2PE held at 0°C 17 
hours before adding PBN; (b) PBN-acyloxyl adduct from ozonated 2M2PE 
held at -78°C for 17 hours before adding PBN: right out of -78°C bath; 
(c) Solution from (b) after 5 minutes: only PBN-alkoxyl radical ad­
duct remains. Field = 335.00 mT, Scan Range = ± 10.0 mT, Gain =1.25 
x 10^, Modulation Amplitude = 0.63 x 1 G, Power = 1 mW, Scan Time = 4 
minutes for (a), 2 minutes for (b) and (c).
at room temperature. It consists of a doublet of triplets with a(N) = 
1.350 and a(H) = 0.179 mT, splittings that are consistent with a PBN 
spin-trapped alkoxyl radical, 26 {Table VI).
When the above experiment is performed with the ozonated 
2-methyl-2-pentene solution incubated at -78°C for 17 hours in the 
absence of the spin trap and then warmed to room temperature in the 
presence of the PBN spin trap, only the acyloxyl spin adduct,
RC(=0)O—PBN, is observed initially (Figure 23b). RC(=0)0-PBN, 29,
rapidly appears and then vanishes within three minutes out of the low 
temperature bath. The alkoxyl adduct, 26, and PBNOx appear within one 
minute after the appearance of 29j however, both remain after 29 
vanishes (Figure 23c).
3A.5  Warming to Room Temperature in the Absence of the Spin Trap
Figures 24a to 24d show the results obtained when an ozonated 
solution of 2-methyl-2-pentene is held at room temperature (about 
25°C) for 30 minutes under nitrogen, returned to -78°C, the PBN spin 
trap added, the resulting solution flushed with argon, and then warmed 
to room temperature (Section 2.8.2, p. 60). The spin-adduct spectrum 
appears very slowly over several minutes out of the -78°C bath; con­
sists of the four superimposed signals, i.e. 26y PBNOx, and the
broad doublet of triplets, (a(N) = 1.450, a(H) = 0.576 mT) due to an 
unknown radical. The various ESR signals observed here do not appear 
simultaneously and their relative peak heights, corrected for atten­
uation, are plotted in Figure 25 versus t, the time from removal of 
the ozonated 2M2PE-PBN solution from the low temperature bath. It can 
be seen that the initial spin adduct observed is the alkoxyl radical
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Figure 24. PBN adducts of alkoxyl, acyl radicals, PBNOx and unknown 
radical from ozonated 2M2PE warmed to room temperature for 30 minutes
without PBN. Spectra taken (a) while warming from -78°C to room tem-
peature with PBN, (b) after 3 minutes, (c) after 5 minutes, (d) after
40 minutes. Field — 335.00 mT, Scan Range — + 10.0 mT, Gain = 1.25 x
10^ for (a) - (c) and 2.5 x 10^ for Cd), Modulation Amplitude = 0.63 x 
1 G, Power = 1 mW, Scan Time = 2 minutes.
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Figure 25. Plots of peak heights of alkoxyl and acyl radical adducts 
of PBN and PBNOx resulting from ozonated 2M2PE warmed to room tem­
perature for 30 minutes without PBN.
adduct, 26. This is soon followed by the acyl radical adduct and 
PBNOx, and then the broad doublet of triplets.
3*4,6 The Effect of Oxygen on the Spin-Trapped Radicals from 
Autoxidizing 2M2PE
When a ozonated solution of 2-methyl-2-pentene that has been 
allowed to stand at room temperature for two hours in the absence of 
the spin trap is further incubated at room temperature under argon in 
the presence of PBN (Subsection 2.8.2, p. 60), a complex Bpectrum 
(Figure 26a) is obtained that consists of peaks from the acyl adduct, 
30, the alkoxyl adduct, 26, PBNOx, and the unidentified broad doublet 
of triplets that has a(N) = 1.450 and a(H) = 0.576 mT. The signals 
are not observed initially but appear after about four minutes out of 
the -7S°C bath and continue to grow very slowly at room temperature. 
After 25 minutes out of the -78°C bath Figure 26b, the acyl adduct,
30, has increased in intensity by about 60%, the unknown doublet of 
triplets has increased by 115%, and the alkoxyl adduct, 2(5, has 
decreased by 40%.
When the above experiment is repeated with the final incubation 
performed under oxygen rather than argon, only the alkoxyl spin-adduct 
spectrum, 26^ , is observed (Figure 26c). This spectrum increases in 
intensity by 57% during 25 minutes at room temperature in which it was 
observed by ESR.
3.4.? The Effect of Added Methanol and Ethanol
When an ozonated solution of 2-methyl-2-pentene is incubated with 
methanol for five minutes prior to the addition of the spin trap (PBN) 
(Subsection 2.8.2, p. 61), the spin-adduct spectrum shown in Figure
113
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Figure 26. (a) Acyl and alkoxyl adducts of PBN, PBNOx, and unknown
radical from ozonated 2M2PE warmed to room temperaature for 2 hours 
without PBN then for 20 minutes at room temperature with PBN under 
argon; (b) 25 minutes after the solution in (a) was removed from -78°C 
bath; (c) repeat of (a) but warmed for 20 minutes under oxygen - only 
PBN-alkoxyl adduct. Field = 335.00 mT, Scan Range = + 10.0 mT, Gain =
2.5 x 10^, Modulation Amplitude = 0.63 x 1 G, Power = 1 mw, Scan Time 
= 4 minutes.
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Figure 27. (a) Possibly hydroxymethyl-PBN adduct from warming ozo­
nated 2M2PE in presence of CH3OH and PBN; (b) possible CH3CHOH adduct 
from warming ozonated 2M2PE with CH3CH2OH and PBN. Field = 335.00 mT, 
Scan Range = + 10.0 mT, Gain = 1.25 x 10^ for (a) and 4 x 10  ^ for (b). 
Modulation Amplitude = 0.63 x 1 G, Power = 1 mw, Scan Time = 4 minu­
tes.
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27a is obtained. This spectrum consists of a doublet of triplets 
having a(N) = 1.438 and a(H) = 0.319 mT, splitting that are con­
sistent with a spin-trapped carbon-centered radical, probably the 
hydroxymethyl radical, ‘CI^OH (Table VI). The splitting constants for 
the spin adduct of this radical with PBN has only been reported in 
methanol; since hyperfine splittings vary with solvent polarity 133/ 
136,137,157( positive identification is not possible in an experiment 
where the solvent is CFCI3 . (A set of weaker peaks in the background 
were not analyzed.)
Figure 27b shows the ESR spectrum obtained when the above 
experiment is repeated with ethanol added to the ozonated 2-methyl-2- 
pentene solution five minutes prior to the addition of the PBN solu­
tion. This spin-adduct spectrum has a(N) = 1.390 and a(H) = 0.217 mT. 
These hyperfine splittings indicate a carbon-centered radical spin 
adduct (Table VI) probably *CH(0H)CH3 j however, as in the methanol 
experiment, the PBN spin adduct resulting from abstraction of the
o-hydrogen of ethanol has only been prepared in ethanol solution^33' 
158.
3.4.8 Spin Trapping with 2-Methyl-2-Nitrosopropane
Quick Warm Up. Figure 28 shows the spin-adduct spectrum that 
results when a ozonated solution of 2-methyl-2-pentene is warmed to 
room temperature in the dark in the presence of 2-methyl-2-nitro- 
sopropane (NtB) (Subsection 2.8.3, p. 62). The spectrum consists of a 
triplet of triplets with a(N) = 2.925 and a(H)= 0.107 mT, values that 
are consistent with a primary alkoxyl-tert-alkyl nitroxide (31), the 
spin adduct that results from the reaction of a primary alkoxyl radi-
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Figure 28. RCH20-N(0 *)-C{CH3 >3 and RC(=0)-N(0*)-C(CH3 >3 from warming
ozonated 2M2PE with NtB. Insert is downfield triplet at Gain = 2.25 x 
104 . Field = 335.00 mT, Scan Range = + 10.0 mT, Gain = 1.25 x 103, 
Modulation Amplitude = 0.63 x 1 G, Power = 1 mw, Scan Time = 2 minu­
tes.
cal, RCH20*, with NtB (Table VI)
RCH20* + (CH3 )C-NO-------- > RCH20-N(0*)-C(CH3 )3 (36)
NtB 31^
The insert at the upper left of Figure 28 is the downfield portion of 
the spectrum of 31^  recorded at higher gain.
The spectrum also shows a large triplet having a(N) = 0.771 mT, a 
splitting that is consistent with an NtB spin-trapped acyl radical, 
an acyl-tert-butyl nitroxide, 32 (Table VI).
R-C(=0)—N(0*)—C(CH3 )3 
32
The alkoxyl adduct rapidly decays at room temperature, as expected^5^"
confirming its identity.
The Effect of Prolonged Incubation at -78°C and 0°C. When a ozo­
nated solution of 2-methyl-2-pentene that has been kept at -78°C for 
16 hours before adding the spin trap is warmed to room temperature in 
the dark in the presence of NtB (Subsection 2.8.3, p. 63), only the 
spin-trapped acyl radical, 32, is observed by ESR (Figure 29a), This 
spectrum does not appear to decay at room temperature to any signifi­
cant extent.
When an ozonated 2-methyl-2-pentene solution that has been incu­
bated at 0°C for 16 hours before adding the spin trap is returned to 
-78®C and then warmed to room temperature in the presence of NtB, only 
the spectrum shown in Figure 29b is obtained. This spectrum consists 
of a triplet with a(N) = 1.516 mT and is most likely di-tert-butyl 
nitroxide1 .  After.about five minutes out of the -78°C bath, a 
second triplet appears and grows slowly producing the spectrum shown 
in Figure 29c, obtained 25 minutes after removal from the -78°C
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Figure 29. (a) RC(=0)-N(0* >-0 (0113)3 from ozonated 2M2PE held at -78°C
for 16 hours then warmed with NtB; (b) (CH3 >3C-N(0 *>-0 (0113)3 from ozo­
nated 2M2PE held at 0°C for 16 hours then warmed with NtB; (c) 
solution from (b) 25 minutes out of -78°c bath. Field = 234.20 mT, 
Scan Range = +, 10.0 mT, Gain = 4 x 10^ for (a), 1.6 x 104 for (b) and 
4 x 10^ for (c). Modulation Amplitude = 0.63 x 1 G, Power = 1 mW, Scan 
Time = 2 minutes.
bath. This second triplet has a(N) = 0.774 mT and is the acyl tert- 
butyl nitroxide, (Table VI). The acyl adduct signal produced in 
the above experiment in which the ozonated solution was kept at -78°C, 
was found to be 40 times more intense them that from the 0 °C incuba­
tion after each has been out of the low temperature bath for 10 
minutes.
3.5 OZONATION OF TETRAMETHYLETHYLENE
3.5*1 Spin Trapping with PBN
Rapid Warm Up. In Figure 30a is shown the ESR spin-adduct 
spectrum that results when an ozonated solution of tetramethylethylene 
(TME) is warmed to room temperature in the presence of PBN (Subsection
2.9.1, p. 64). The spectrum shows a rapidly growing doublet of 
triplets with a(N) — 1.312 and a(H) = 0.138 mT. These splittings are 
consistent with a PBN spin-trapped peroxyl radical, 29^  (Table VI).
The most downfield peak in this spectrum has a shoulder, indicating 
the presence of a second set of peaks. Figure 30b shows a spectrum 
recorded about five minutes following the removal of the ESR tube con­
taining the sample from the -78°C bath. This spectrum consists of a 
doublet of triplets with a(N) *= 1.351 and a(H) *» 0.181 mT, splittings 
consistent with an alkoxyl radical spin adduct of PBN, 26 (Table VI). 
In this spectrum the peroxyl radical spin adduct has vanished due to 
its instability at room t e m p e r a t u r e ^ ^ ,  163#
Identical results were obtained when the above experiment was 
repeated using an ozone-nitrogen mixture in place of an ozone/oxygen 
mixture.
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Figure 30. (a) Growing PBN-peroxyl adduct and PBNOx from ozonated TME 
warmed with PBN; (b) solution in (a) after 5 minutes out of -78°C 
bath: only alkoxyl adduct and PBNOx remains. Field = 335.00 mT, Scan
Range = + 10.0 mT, Gain = 1.25 x 10^, Modulation Amplitude = 0.63 x 1 
G, Power = 1 mW, Scan Time = 30 seconds.
Gradual Warm Up. An ozonated solution of TME, to Which a 
solution of PBN had been added at -78°c, was wanned to room tem­
perature in the ESR cavity in 10-degree increments and the peroxyl 
radical spin-adduct concentration was measured at accurately known 
time intervals at-each temperature (Subsection 2.9.1, p. 6 6 ). If the 
concentration of PBN, [ST], is much greater than the concentration of 
radicals produced (ca. 10^ greater, here), a pseudo-first order rate 
constant, k', for the radical-producing mechanism can be calculated at 
each temperature (Equation 37)164. In this case, the peroxyl adduct 
concentration, [SA], reaches a maximum at 243°K and then starts to
= k[ST] [R*] = k ’[SA] (37)
dt
decay. A least-squares plot of log ([SA]243 - [SA]T ) versus time for 
the peroxyl adduct concentration, [SA]^, at 212°, 222°, and 233°K, is 
shown in Figure 31. The slopes and the resulting rate constants 
(calculated from k/= -2.303 x slope) are listed in Table VII.
Figure 32 shows a least-squares plot of log k* versus 1/T x 1000 
for the data in Table VII. The energy of activation for the radical- 
forming process, Ea  ^ was calculated from,
Ea = -2.303R x slope (38)
and log A is the Y-intercept. A range of values for these parameters 
was calculated by plotting k + 1 o, for the most inaccurate tem­
perature, 212°K, which has O' = 43%. This resulted in Ea = 1 4 + 3  and 
log A = 9 + 3 .
After the solution has reached room temperature, only an alkoxyl 
spin adduct, 26, remains, and it's spectrum continues to grow slowly 
at room temperature.
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Figure 31. Least squares plots of log( [SA] 243“ [SAJji) vs t for T = 
212,222, and 233°K.
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Table VII. Parameters Used in Calculating Ea
T(°K) Slope^ k(sec-^)
212 -3.838 x 10“6 8.8 x 10-6
222 -1.565 x 10-5 3.6 x 10“5
233 -7.133 x 10-5 1.6 x 10~4
—  From a least-squares plot of ([SA]243«c “ tSAlip) vs t, in seconds.
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Figure 32. Least squares plot of In k versus 1000/T.
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The Effect of Warming in the Absence of the Spin Trap* When an 
ozonated solution of THE is kept at -78 °C for one hour prior to adding 
the PBN solution and then warmed to room temperature in the cavity of 
the ESR spectrometer (Subsection 2.9.1, p. 67} the peroxyl and alkoxyl 
radical spin adducts are observed as described above for the rapid 
warmup (Figure 30a). Identical results are obtained when the ozonated 
solution is, instead, warmed to -50°c or -27°C for 30 minutes prior to 
adding the PBN solution. When, however, the ozonated solution is 
incubated at 0°C for 30 minutes prior to the addition of the PBN solu­
tion, the ESR spin adduct shown in Figure 33 is obtained. This 
spectrum consists of two doublets of triplets} one having a(N) = 1.369 
and a(H) = 0.237 mT and a second one with a(N) = 1.359 and a(H) =
0.255 mT. Both spectra are consistent with PBN spin-trapped alkyl 
radicals (Table VI). Due to the complex composition of an ozonation 
solution, with numerous potential carbon-centered radicals^'106^ iden­
tification of the nature of the alkyl radicals is not possible. The 
results of the spin trapping after incubation at the various tem­
peratures described above are summarized in Table VIII.
The Effect of Added Methanol. Figure 34 shows the PBN spin- 
adduct spectrum that is obtained when an ozonated solution of TME is 
warmed to room temperature in a 10:1 methanol-PBN solution 
(Subsection 2.9.1, p. 6 8 ). The spectrum consists of two doublets of 
triplets. The first signal has a(N) = 1.387 and a(H) = 0.237 mT, 
consistent with a spin-trapped alkoxyl radical, but not the methoxyl 
radical which has a(N) = 1.377 and a(H) = 0.205 mT in benzene 
The second has a(N) = 1.520 and a(H) = 0.374 mT, values which are 
close to the published values for the PBN-spin trapped hydroxymethyl
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Figure 33. FBN-alkoxyl radical adducts from ozonated TME that was 
held at 0°C for 30 minutes without PBN. Field = 335.00 mT, Scan Range 
= + 10.0 mT, Gain = 1.6 x 10^, Modulation Amplitude ** 0.63 x 1 G,
Power = 1 mW, Scan Time = 4 minutes.
Table VIII. Effect of Warming Ozonated TME to Various Temperatures^
T(°C)
Time 
at T° R"t~ r2-
-78^ 30 min. ROO* RO*
-50 30 min. ROO’ RO*
-27 30 min. ROO’ RO’
0 60 min.
d
R—
—  PBN added after returning ozonated solution to -78°C. —  The spin 
adduct of R-j appears first and is immediately followed by that of R2 .
c d—  The ozonated solution was simply held at -78°c  for 1 hour. —  At
least two carbon-centered radicals are spin trapped.
1.00 mT
Figure 34. PBN-alkyl radical adduct from ozonated TME warmed to room 
temperature with PBN and MeOH. Field = 335.00 mT, Scan Range = + 10.0 
mT, Gain =■ 1.6 x 10^, Modulation Amplitude = 0.63 x 1 G, Power = 1 mW, 
Scan Time - 4 minutes.
radical (a(N) = 1.530 and a(H) = 0.375 mT^^. Neither spectrum either 
grows or decays over the 15 minutes over which they are observed.
The Effect of Added BHA. When an ozonated solution of 1ME, to 
which a solution of BHA was added at -78°C prior to the addition of 
the PBN, is warmed to room temperature after adding the PBN
(Subsection 3.6.1, p. 69), the usual peroxyl and alkoxyl spin adducts
of PBN are observed (Figures 30a and 30b). If the ozonated solution, 
is warmed to room temperature with only BHA before the PBN is added, 
no ESR spin adduct spectrum is obtained after it has been returned to
-78°C, the PBN added, and the resulting solution again warmed to room
temperature.
3.5.2 Spin Trapping with NtB
Warming an ozonated solution of TME to room temperature in the 
dark in the presence of NtB (Subsection 2.9.2, p. 69) results in 
the complex spectrum shown in Figure 35. This spectrum consists of a 
triplet having a(N) = 1.525 mT consistent with di-tert-butyl nitro- 
xide, DTBN*, a triplet having a(N) = 2.727 mT, consistent with 33,
O* p* O* O*
(CH3 )3C-N-C(CH3 )3 RO-N-C(CH3 )3 CH30-A-C(CH3 )3 CH3”il-C(CH3 )3
DTNB * 33 34 35
where R is probably tert-butyl; a triplet of quartets having a(N)
2.907 and a(H) = 0.112 mT, consistent with methoxyl-tert-butyl 
nitroxide, 34, and a weak background which is probably methyl-tert- 
butyl nitroxide, 35^6 6 . A control consisting of 0.1 M NtB in 
CFC13 prepared at the same time as the NtB solution used as spin trap 
and carried through all subsequent steps of the procedure, produced no
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Figure 35. Ozonation of TME and spin trappng with NtB. Field =
335.00 mT, Scan Range = + 10.0 mT, Gain = 1.25 x 103, Modulation 
Amplitude — 0.63 x 1 G, Power = 1 mw, Scan Time = 4 minutes.
ESR spectrum until it had been at room temperature for 15 minutes and 
then exposed to room light for five minutes, at which time DTBN* was 
detected.
3.6 OZONATION OF CIS-3-HEXENE
3.6.1 Spin Trapping with PBN
Figure 36a shows the ESR spin-adduct spectrum that results when 
an ozonated solution of cis-3-hexene is incubated for 17 hours at 
-78 “C following ozonation and then warmed to room temperature in the 
presence of PBN (Subsection 2.10.1, p 70). The spectrum consists of a 
weak doublet of triplets that is present at -78°c. (It can be 
observed as soon as the sample containing the spin trap is removed 
from the -7B°C bath and placed in the spectrometer cavity.) The 
doublet of triplets has a(N) = 1.348 and a(H) = 0.176 mT, values that 
are consistent with a spin-trapped alkoxyl radical, 26. The alkoxyl 
adduct doubles in intensity after 45 minutes at room temperature. The 
peroxyl-PBN spin adduct, 29, is not observed in contrast with the 
experiment using 2-methyl-2-pentene as substrate.
When the above experiment was repeated with the ozonated solution 
of cis-3-hexene held at 0°C for 17 hours prior to the addition of the 
PBN solution, no signal is initially obtained on warming to room tem­
perature* However, the alkoxyl adduct signal (a(N) = 1.355 and a(H) = 
0.165 mT) appears within the first 15 minutes out of the dry ice- 
acetone bath (Figure 36b) and grows very little thereafter.
3.6.2 Spin Trapping with NtB
Figure 37a shows the spin-adduct spectrum that is observed
132
B
I 0 0  m T
Figure 36. (a) Ozonation of cis-3-hexene; spin trapping with PBN after 
17 hours at -78°C; (b) spin trapping with PBN after 17 hours at 0°C. 
Field = 335.00 mT, Scan Range = + 10.0 mT, Gain = 1.25 x 104, 
Modulation Amplitude =* 0.63 x 1 G, Power = 1 mW, Scan Time = 2 
minutes.
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Figure 37. Ozonation of cis-3-hexene; spin trapping with NtB; (a) 
warming to room temperature, (b) 10 minutes out of -78 °C bath, (c) 
after room lights turned on. Field = 335.00 mT, Scan Range = + 20.0 
for (a) and + 10.0 mT for (b) and (c). Gain = 1.25 x 104, Modulation 
Amplitude = 0.63 x 1 G, Power = 1 mW, Scan Time = 4 minutes.
immediately upon removing an ozonated solution of cis-3-hexene, that 
contains NtB, from the dry ice-acetone bath (Subsection 2.10.2, p. 71). 
The spectrum consists of two sets of peaks, a triplet of triplets with 
a(N) = 29.15 and a(H) = 0.100 mT, and a triplet with aN = 0.777 mT.
The first set of peaks has hyperfine splitting that are consistent 
with an NtB spin-trapped primary alkoxyl radical, 31, and the second 
set has splittings that are consistent with a spin-trapped acyl radi­
cal, 32^  (Table VI). The alkoxyl radical adduct vanishes within the 
first 10 minutes after removing the ozonated solution from the low 
temperature bath, leaving only the acyl adduct (Figure 37b). When the 
room lights are turned on, a second triplet with a(N) = 1.527 mT 
(di-tert-butyl nitroxide) slowly appears along with what may be a 
second alkyl spin-adduct signal (possibly the methyl radical adduct) 
(Figure 37c).
3.7 OZONATION OF SUBSTRATES WITH REACTIVE HYDROGENS
3.7.1 1,3-Dioxolane
Spin Trapping with DMPO. Figure 38a shows the ESR spin-adduct 
spectrum that results when an ozonated solution of 1,3-dioxolane in 
CFCI3 is warmed to room temperature in the presence of DMPO 
(Subsection 2.11.1, p 72). The spectrum consists of a doublet of 
triplets of doublets with a(N) = 1.253, a(H-1). = 1.062, and a(H-2) = 
0.103 mT. These splittings are consistent with the DMPO spin trapped 
hydroperoxyl radical, (Table VI). The spectrum appears to slowly 
decrease in intensity as is expected for the hydroperoxyl adduct^®'.
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Figure 38. (a) Ozonation of 1,3-dioxolane in CFCl3 f spin trapping with 
DMPO; (b) Ozonation of 1,3-dioxolane in n-pentane; spin trapping with 
DMPO; (c) Ozonation of 1,3-dioxolane in CFCI3 and aging 2 hours before 
adding DMPO; (d) Ozonation of 1,3-dioxolane and spin trapping with 
PBN. Field = 335.00 mT, Scan Range = + 10.0 mT, Gain = 1.25 x 104, 
Modulation Amplitude = 0.63 x 1 G, Power = 1 mW, Scan Time = 4 
minutes.
When the above experiment is performed using n-pentane as
solvent/ a doublet of triplets of doublets, shown in Figure 38b, with
a(N) = 1.225, a(H-1) = 1.044, and a(H-2) = 0.118 mT is obtained that 
appears to be the same spin adduct obtained in the CFCI3 experiment, 
that of the hydroperoxyl radical, 36. A second doublet of triplets of 
doublets with a(N) = 1.241, a(H-1) = 0.631, and a(H-2) = 0.200 mT is 
also present. This spin adduct is that of an alkoxyl radical spin 
adduct of DMPO, 27 (Table VI).
A weaker signal that appears as shoulders in the CFCI3 spectrum
has a doublet of triplets with a(N) = 1.324 and a(H) = 1.148 mT. This 
spin adduct is unknown. This unidentified spin adduct appears alone 
(Figure 38c) when the ozonated solution containing DMPO is kept at 
-78°C for two hours before warming to room temperature.
Spin Trapping with PBN. The ozonation of 1,3-dioxolane was 
repeated as above and the spin trapping performed using PBN (p 73). 
When the ozonated dioxolane-spin trap solution is warmed to room tem­
perature, the spectrum shown in Figure 38d is obtained. This spectrum 
consists of a doublet of triplets with a(N) = 1.339 and a(H) = 0.177 
mT, splittings which seem to be due to a spin-trapped hydroperoxyl 
radical, 37_, since the nitrogen and hydrogen splittings fit Janzen's
Ph-CH—N(0*)-C(CH3 )3
ho6
37
formula for identifying the HOO* adduct in various solvents^®®:
a(H) = 1.3a(N) - 15.7 (39)
In this case, however, it is possible that the spin-trapped radical is 
an alkoxyl radical, RO*, since the splitting constants of PBN spin 
adducts vary little with spin-trapped radicals (Table VI )^®®.
3.7.2 2-Phenyl-1,3-dioxolane
Figure 39a shows the ESR spin-adduct spectrum that is obtained 
when an ozonated solution of 2-phenyl-1,3-dioxolane in CFCI3 is warmed 
to room temperature in the presence of DMPO. The spectrum consists 
of a doublet of triplets of doublets with a(N) = 1.262, a(H-1) =
0.956, and a(H-2) = 0.114 mT. These splittings are consistent with 
the benzoyloxyl spin adduct of DMPO, 38 (Table VI). A second set
CH2 - CH2 
ch3 I I
CH-0-C(=0)-Ph
CH3
O'
38
of peaks is also present in this spectrum although only a nitrogen 
splitting, a(N), of 1.250 mT can be measured. (Despite the absence of 
hydrogen splittings, the magnitude of the nitrogen splitting makes it 
likely that the second set of peaks are those of an alkoxyl radical 
spin adduct of DMPO.) (27) (Table VI).
Figure 39b shows the ESR spin adduct spectrum that is obtained 
when an ozonated solution of 2-phenyl-1,3-dioxolane in n-pentane is 
warmed to room temperature in the presence of DMPO. The spectrum con-
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Figure 39. (a) Ozonation of 2-phenyl-1,3-dioxolane in CFCI3 ; spin 
trapping with DMPO; (b) Ozonation of 2-phenyl-1,3-dioxolane in 
n-pentane; spin trapping with DMPO. Field = 335.00 mT, Scan Range 
+ 10.0 mT, Gain = 2 x 10-*, Modulation Amplitude = 0.50 x 1 G, Power 
1 mW, Scan Time = 8 minutes.
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sists of a doublet of triplets of doublets with a(N) = 1.247, a(H-1) = 
0.905, and a(H-2) = 0.123 mT; splittings that are consistent with a 
spin-trapped benzoyloxyl radical, 3J3 (Table VI). The spectrum also 
'contains a second set of peaks only the nitrogen splitting of which, 
a(N) = 1.238 mT, can be measured. As before, however, the second 
signal is assigned to an alkoxyl spin adduct of DMPO based on the 
magnitude of the nitrogen splitting (Table VI).
3.7.3 2,2-Dimethyl-1,3-dioxolane
When an ozonated solution of 2,2-diraethyl-1,3-dioxolane is warmed 
from -78°C to room temperature in the presence of DMPO, no ESR 
spectra are obtained.
3.7.4 Tetrahydrofuran
Figure 40a shows the spin-adduct spectrum that is obtained when 
an ozonated solution of tetrahydrofuran is warmed from -78°C to room 
temperature in the presence of DMPO. The spectrum consists of a 
doublet of triplet of doublets with a(N) = 1.233, a(H-1) = 1.048, and 
a(H-2) = 0.107 mT. These splittings are consistent with a DMPO-hydro- 
peroxyl radical spin adduct, 37 (Table VI).
3.7.3 Propanal
Figure 40b shows the ESR spin-adduct spectrum that results when 
an ozonated solution of propanal is warmed to room temperature in the 
presence of DMPO. The spectrum consists of a doublet of triplets of 
doublets with a(N) = 1.286, a(H-1) ** 0.622, and a(H-2) = 0.201 mT,
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Figure 40. (a) Ozonation of tetrahydrofuran; spin trapping with DMPO. 
Field - 335.00 mT, Scan Range = + 10.0 mT, Gain = 2 x 10^, Modulation
Amplitude = 0.50 x 1 G, Power = 1 mw, Scan Time = S minutes. (b)
Ozonation of propanal, spin trapping with DMPO. Field = 335.00 mT, 
Scan Range = + 10.0 mT, Gain = 2 x 10^, Modulation Amplitude = 0.63 x
1 G, Power = 1 mw, Scan Time = 4 minutes.
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hyperfine splittings that are consistent with an alkoxyl radical-DMPO spin 
adduct, 27, (Table VI).
DISCUSSION
4.1 ATTEMPTED DETECTION OF RADICALS BY THE METHOD OF GOLDSTEIN et al.
Goldstein et al. reported a study in which they observed ESR 
signals while bubbling ozone through neat linoleic acid (18:2-0H) at 
room temperature in the cavity of an ESR spectrometer^0 "*. As indi­
cated above (Subsection 1.4.1), they used 18:2-0H that was only 95-97% 
pure and probably contained substantial amounts of materials that are 
known to react with ozone (e.g., hydroperoxides, alcohols, aldehydes, 
and ethers) 52-58,102,103,118# These materials could react with 
ozone to produce radicals directly or could react to give an unstable 
hydrotrioxide intermediate that decomposes to radicals (See Equations 
1_4 )48,49,56,116,138,
We have attempted to confirm the results of Goldstein et al. 
(Sections 2.5 and 3.1). We used 18:2-0H or 18:2-Me where the impuri­
ties were substantially reduced by the purification methods described 
in the Experimental Procedures section (Subsection 2.4.2). In our 
experiments, however, no ESR signal was observed under any of the con­
ditions used. Goldstein et al.. performed their experiments under con­
ditions conducive to the formation of oxygen-centered radicals (i.e. 
alkoxyl or peroxyl). (Bubbling an ozone-air mixture through an easily 
autoxidized olefin such as 18:2-0H or 18:2-Me would convert any radi­
cals formed (e.g., L*) into peroxyl or alkoxyl radicals,5/87, 116,169.
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O3 + LOOH ---- > -------- > LO* + LOO* (40>
03 + 18:2-OH  > ------ > L* (41)
L* + 02  >  > IiOO* (42)
LOO* + 18:2—OH ------- > LOOH + L* (43)
The conversion of the peroxyl radicals, LOO*, to alkoxyl radicals, 
LO* (Equation 44), competes with Equation 43. The alkoxyl radicals 
produced then replace peroxyl as the chain-carrying radical:
2 LOO* -------- > [LOOOOL] ---- > 2 LO* + 02 (44)
LO* + 18 :2—OH ------- > LOH + L* (45)
The conversion of L* to LOO* by oxygen scavenging (Equation 43) 
occurs at diffusion controlled rates (k *= 109 M"^ sec””') ”* ^ 2,169^ 
making it extremely unlikely that L* could accummulate in the presence 
of 02 to a high enough concentration to be observed by ESR during this 
experiment. When the olefinic substrate is 18:2-OH or 18:2-Me, the 
autoxidation site is at the doubly-allylic positions (i.e. C(11) of 
methyl linoleate and linoleic acid)8/84-87  ^ making LOO* a secondary 
peroxyl radical (See Figure 1). Primary and secondary peroxyl radi­
cals are only observed by ESR with extreme difficulty, even at low 
temperatures^02' ^ 115,170f since these peroxyl radicals terminate 
with great facility^12,169.
A
1 » ?H
2 R-jR2CHOO* ---- > Ri**iv 0-CH-R1 ---- > R-j —C—R2 + Ri“CH-R2 + 102 (46)
I H I
r2 r2
Alkoxyl radicals, on the other hand, cannot be observed by ESR 
except in an inert matrix at low temperatures^ ^ . In addition, 
alkoxyl radicals are very reactive and, once formed, quickly abstract
hydrogen from unreacted PUFA to form L* and an alcohol (Equation
Thus, in the oxidation of neat 18:2-0H or 18s2-Me using ozone/ 
oxygen, the concentration of L* is kept at a steady-state value below 
the detection limit of current ESR spectrometers as a result of its 
fast reaction with oxygen (Equation 42); LOO*, the secondary peroxyl 
radical derived from 18:2-0H or 18:2-Me, is also kept at a low steady- 
state concentration because of Equations 43, 44, and 46; while alkoxyl 
radicals, formed in Equations 44 and 46 are not detected by ESR. It 
is, therefore, unlikely that the radicals observed by Goldstein et-al. 
were the result of a direct reaction between ozone and PUPA. It is 
more likely that the radicals they observed were somehow produced from 
a reaction of ozone with impurities in the PUFA that was used^ 8 .
It is also unlikely that a metal ion in the ozonated PUFA contri­
buted to the ESR spectra that were observed. The ESR signal resulting 
from a metal ion would not vanish when the ozone flow is inter­
rupted-^ ®.
4.2 PHOTOLYTIC PRODUCTION OF ALKYL RADICALS
Alkyl radicals, resulting from hydrogen abstraction by tert- 
butoxyl radicals, t-BuO*(Subsections 2.6 and 3.2), were not observed 
from toluene and 2-methylpentane:
45)5,84-87.
(t—BuO ) 2 ■> 2 t—BuO * (47)
t—BuO * + PhCH3 ■> No ESR (48)
t—BuO * + (CH3 )2CHCH2CH2CH3 ---- > No ESR (49)
In 'these two experiments, the solutions were not thoroughly deoxyge­
nated (freeze-pump-thaw was not performed) prior to photolysis. This 
suggests that oxygen prevents the detection of alkyl radicals. Oxygen 
reacts with alkyl radicals at diffusion-controlled rates to form 
peroxyl radicals, as described above^®®. When toluene is the 
substrate, the alkyl radical is the benzyl radical (39) and ROO* is 
benzylperoxyl radical (4£), a primary peroxyl radical that quickly 
terminates via the Russell mechanism (Equation 46)^®®.
XH H
Ph-C* PH—C—00 * (50)
Nl H
39 40
This fast termination prevents significant concentrations of the 
benzylperoxyl radical from building up, making its detection by ESR 
unlikely.
When the substrate is 2-methylpentane, hydrogen abstraction by the 
tert-butoxyl radical occurs at a tertiary carbon atom,
t-BuO* + (CH3 )2CHCH2CH2CH3 -------- > *C-CH2CH2CH3 + t-BuOH (51)
CH3
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resulting in a tertiary alkyl radical (41_), and eventually, a tertiary 
peroxyl radical (42 >169
0- 0*
4_1^ + 02 ------- > (CH3 >2t-CH2CH2CH3 (52)
42
In this case, however, hydrogen abstraction (Equation 51) procedes more 
slowly than from toluene because of the stronger C-H bond (Compare 
D(C-H) = 84 kcal/mole for H-CH2Ph to D(C-H) = 92 kcal/mole for
while self-reaction by 4_2 to form alkoxyl radicals 
(Equation 44) occurs at a faster rate than with toluene (no Russell 
termination is possible, here)^2'^6^. The result is that the con­
centration of 4£ from 2-methylpentane does not reach a sufficiently 
high level for detection by ESR, especially at room temperature.
When the experiment is repeated with cyclopentane, linoleic acid, 
and methyl linoleate (Sections 3.2 and 2.6) and the solutions are 
deoxygenated by free-pump-thaw prior to photolysis, ESR spectra are 
obtained quite easily. The cyclopentyl radical spectrum (Figure 6 ) 
matches almost exactly that previously published by Fessenden and 
Schuler ^ 9  and serves to prove the validity of the method.
For L*, the di-substituted pentadienyl radical produced by hydro­
gen abstraction at C(11) of either linoleic acid or methyl linoleate,
4a 3a 2a 1 2b 3b 4b 
t-BuO• + 18:2-Me (or 18;2-OH) ----- > R-CH2-CH=CHeCH-CH-CH-CH2-R (53)
L*
there are four groups of n equivalent hydrogen atoms (a total of 9) 
with nuclear spins (I) of 1/2"I2®. The total number of lines in the 
spectrum of L* ,N, can be predicted from Equation 54:
4
» - n  (2nl + 1) (.54)
K=1
= [2(1)(1/2J+1][2(2)(1/2)+1]2 [2(4){1/2)+1]
= 2 x 3 x 3 x 5
90
It is clearly no surprise, then, that the spectra obtained as a result 
of hydrogen abstraction from methyl linoleate and from linoleic acid 
by t-BuO * (Equation 46) are as complex as they are (Figures 7 and 10).
No ESR signal is observed when the above experiment is performed 
on an oxygenated solution of TOOT in 18:2-Me {Subsection 2.6.6) 
because the presence of oxygen results in a secondary peroxyl radical, 
LOO*, being formed (Equation 42). This radical, like the benzyl­
peroxyl radical, is not stable enough to be observed by ESR. (It 
quickly decomposes via the Russell termination'69.)
These experiments serve as further confirmation that the results 
of Goldstein et al.19* are likely artifactual.
4.3 SPIN TRAPPING OF RADICALS RESULTING FROM OZONATION OF 18:2-Me
Table IX summarizes the results obtained from the low tem­
perature ozonation and spin trapping experiment performed on 18:2-Me 
(Sections 2.7 and 3.8). Five Important observations should be noted:
(1) the radicals spin trapped using NtB are secondary alkyl radicals 
with one drhydrogen, (2) the radical signals appear near -40°C when 
the solution is slowly warmed to room temperature (See Figure 13), (3) 
the radicals are still spin trapped near -40°c when the ozonated solu­
tion is held at -78°C for up to three hours before adding the spin 
trap, (4) both alkyl and alkoxyl radicals are spin trapped using PBN 
and DMPO, and (5) the concentration of alkoxyl radicals spin trapped 
is increased in the presence of oxygen.
These data and observations are interpreted to mean that the ozo­
nated solution of 18:2-Me contains a radical or radical precursor that 
is stable at -78C for up to three hours. This intermediate reacts 
with the spin trap to form a spin adduct at about -40°c when the solu­
tion is slowly warmed to room temperature. When oxygen is present, an
Table IX. Ozonation of 18;2-Me and Spin Trapping______
Reaction Conditions Radical Trapped Comments
A. NtB
Quick Warmup
B. PBN
Slow Warmup 
Fast Warmup 
After 3 hr at -78 °C
C. DMPO
Slow Warmup 
Fast Warmup 
03/N2
After 3 hr at -78°C 
Warming under O2
R-J-CH-R2 SA has g = 2.0066
RO* Signal appears near -40°C
RO*
RO*
RO* Signal appears near -40°C
RO*, R*
RO*, R*
Strong R*,
Weak RO*
Weak R*,
Strong RO*
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alkoxyl radical is spin trapped? in the absence of oxygen, an alkyl 
radical having a structure similar to b* is spin trapped.
The temperature profile observed in Figure 13 when an ozonated 
solution of 18:2-Me is wanned to room temperature in the presence of a 
spin trap suggests that the radicals observed are formed from the 
decomposition of a di-tert-alkyl t r i o x i d e 1 113-115. Di-tert-butyl 
and di-cumyl trioxides have been studied and found to decompose within 
the temperature range in which spin-adduct formation is observed102, 
114/115. The decomposition of a trioxide results in the production of 
an alkoxyl and peroxyl radical:
ROOOR -------- > RO* + R00* (55)
In the present experiments, only alkyl radicals are spin trapped when 
the solution is warmed from -78®C if no oxygen is present.
One possible explanation for these results is that a stable 
trioxygen species, possible some di-alkyl trioxide, is formed from the 
ozonation of 18:2-Me at -78°C:
18:2-Me + 03 ----- >  > R'OOOR' (56)
On warming the solution to near -40°C, this trioxide decomposes to 
alkoxyl and peroxyl (Equation 55). Both of these radicals are pro­
bably then spin trapped; however, the peroxyl radical spin addcut may 
either be unstable at this t e m p e r a t u r e 1 ^ ,  173 or m o r e  prone to react with 
some of the radicals not yet spin trapped to give non-radical pro­
ducts1^4 and is, thus, not observed. At these low temperatures (i.e. 
-78®C), reaction of the alkoxyl and peroxyl radicals with unreacted 
olefin via hydrogen abstraction or addition to the olefinic double 
bond may be too slow to compete with spin trapping1®®'17®. when the 
ozonated solution is quickly warmed to room temperature (Subsections
2.7 and 3,3), the decomposition of the trioxide to alkoxyl and peroxyl 
radicals may occur at a high enough temperature for these radicals to 
react further hy abstracting hydrogen from unreacted olefin to form 
L*:
R'00*/R0* + 18:2-Me ------- > L* + R'OOH/R'OH (57)
In the absence of oxygen, L* is spin trapped while in the presence of
04—87 169oxygen L* reacts to form a peroxyl radical, LOO* ' :
L* + 02 ------- > LOO* (58)
LOO* then reacts further to form alkoxyl radicals either by self- 
reaction^6®:
2 LOO* ------ > LOOOOL  > 2 LO* + 02 ( 59)
or by reaction with unreacted olefin to form the epoxide^6®:
LOO* + C=C ------- > LOO-C-C* ------ > LO* + C ^ C  (60)
and the alkoxyl radicals are spin trapped^75.
The origin of the intermediate responsible for the formation of 
the initially observed radicals is unknown. Ozone is known to ini­
tiate the autoxidation of PUFA in the presence of oxygen and the 
products are lipid hydroperoxides, LOOK84-87. Hydroperoxides have 
been shown to react with ozone at -78°c to produce peroxyl 
radicals^ ^ 4 •118:
LOOH + 03 ------- > LOO* + HO* + 02 (61)
In our system, LOO* might combine with LO*, formed in either Equation 
59 or 60, to form a di-alkyl trioxide,
LOO* + LO*  > LOOOL (62)
which is stable below -30®C^4' ^ 8 .
4.4 SPIN TRAPPING RADICALS PROM OZONATION OF 2-METHYL—2-PENTENE
^C=C
4.4.1 Mechanism of Radical Formation; The Aldehyde Loop
Of the series of olefins listed in Table V, 2-methyl-2-pentene 
and 2,4,4-trimethyl-1-pentene produced by far the largest yields of 
spin-trapped radicals. These two olefins have in common one struc­
tural feature not found in the others: they each have geminally
di-substituted double bonds:
R1,
*2
This particular type of olefin reacts with ozone via the Criegee path­
way to produce carbonyl oxides that easily rearrange^:
o
R , 9
^C=C + 03 ------- > R - ^ C  - C ------ > RiR2C«0-0 + 0=C (63)
r2
RlR2C=0-0 > Non-Criegee Intermediates
In this type of reaction, the yield of the carbonyl compound is high 
since the carbonyl oxide does not react with the carbonyl compound to 
form the usual Criegee product, the secondary ozonide^:
0  O
R 1R2C*0-0 + 0=C ---- ff— > RiR2^s. jP <64>
o
For the reaction of 2-methyl-2-pentene with ozone at -78°C, the car­
bonyl oxide produced via Equation 63 is dimethyl carbonyl oxide and 
the carbonyl compound is propanal88,
(CH3 )2C=CHCH2CH3 + o3  > (ch3 )2c=o-o + CH3CH2CHO (65)
The reaction of ozone with aldehydes has been studied and results 
in the production of an. acyl hydrotrioxide that is stable at tem-
peratures below —30°c®®'^. The ozonation of acetaldehyde at -70°c 
results in the production of an intermediate that decomposes on 
warming to evolve oxygen*^, and, again, the authors suggested that the 
intermediate is an acyl hydrotrioxide. The reaction of ozone with 
propanal at 25 °C procedes with a second order rate constant of about 
64 M-1 sec-"*^ 56  ^ while a typical reaction between zone and an olefin 
has a second order rate constant near 1 x 1 0 ^ 35). Thus, at 25°C, 
ozone reacts with a typical olefin 103 — 10^ times more quickly than 
it does with propanal. The Arrhenius parameters for these reactions 
have been determined3^ and from these it can be calculated that at 
-78°C ozone reacts with a typical olefin nearly 10^ times more quickly 
than it does with propanal. For a 0.1 M solution of 2-methyl-2- 
pentene ozonated to 50% reaction, a 5 x 10”^ M solution of acyl 
hydrotrioxide would be produced according to these calculations assum­
ing a 100% yield of propanal, a concentration that is consistent with 
the low yields (typically 10-^ to 10”^ M) of spin trapped radicals 
produced from the ozonation of 2-methyl-2-pentene (Subsection 2.8).
Thus, the following mechanism, "The Aldehyde Loop", can be pro­
posed for the production of the radicals that are spin trapped from an 
ozonated solution of 2-methyl-2-pentene (Table X). Propanal, produced 
from the ozonation of 2-methyl-2-pentene at -78°C reacts further with 
more ozone to produce on acyl hydrotrioxide:
O
CH3CH2CHO + 03 ------- > CH3CH2CpOOH (6 6)
The acyl hydrotrioxide is stable at -78°C^®»^^. When the solution is 
warmed from -78°C to near -65°C, the acyl hydrotrioxide decomposes to 
the acyloxyl radical and the hydroproxyl radical (The decompisition of
Table X. Ozonation of 2M2PE and Spin Trapping 
Reaction Conditions Radical Trapped Comments
A. PBN
Slow Warmup
Fast Warmup
0°C/1 hr under O2 
0°C/17 hr under O2 
-78°C/17 hr under O2 
25°C/0.5 hr under O2
B. NtB
Fast warmup
-78°C/17 hr under O2 
0°C/16 hr under O2
R00*, RO*, PBNOx
ROO*, then RC<=0}*, 
and PBNOx
RO* , PBNOx
RO*
ROO*, then RO*, 
PBNOx
RO*, RC(=0)*, 
PBNOx, Unknown 
signal
RCH20*, RC(=0>*
RC(=0)*
RC(=0)*
ROO* and RO* 
appear to be 
trapped
simultaneously; 
both appear very 
rapidly at -65°C
ROO* trapped 
first; appears 
quickly
Signals slowly 
appear
Signal slowly 
appears
Signals appear 
quickly
Signals appear 
very slowly
Signal appears 
quickly
Signal appears 
quickly
Signal appears 
slowly
the acyl hydrotrioxide at such a low temperature may be due to induced 
decomposition by unreacted olefin.)56:
CH3CH2COOOH -Wa^ming > CH3CH2C0‘ + HOO* (67a)
Olefin
A second pathway for scission of the acyl hydrotrioxide is synchronous 
decomposition to the acetyl radical, singlet oxygen, and hydroxyl 
radical:
o o
CH3CH2COOOH  > ch3ch2c* + 102 + HO* (6713)
In this case, one would expect to spin trap HO* since this radical
reacts with the spin trap at diffusion-controlled rates (k about
108M"^sec“1)^ 5 . A third decomposition pathway, that in which
acylperoxyl radical, CH3CH2^02 *, and HO* are produced is also ruled
out because HO* is not spin trapped and also because this is the most
energetically unfavorably pathway {AH is more positive than for
E q u a t io n  6 ? a  "by a b o u t  6 k c a l / m o l e . ^ ) .
The acyloxyl radicals produced in Equation 6 ? a  are either spin
trapped or decarboxylate to form C02 and ethyl radical^69:
ch3ch2co*  > CH3CH2 * + C02
The ethyl radicals are rapidly scavenged by molecular oxygen {k = 109 
sec-*) to form ethylperoxyl radicals^69:
CH3CH2 * + 02 ------- > CH3CH200*
Ethylperoxyl radicals self-react via a di-ethyl tetroxide169 to either 
form non-radical products (Equation 68a); or alkoxyl radicals 
(Equation 68b):
2 CH3CH200* ----- > (CH3CH20O)2  > CH3CH2OH + CH3CHO (68a)
-> CH3CH20* + 02 (68b)
or with unreacted olefin via a carbon-centered intermediated, to form 
an epoxide and ethoxy 1 radical15®'
0
CH3CH200* + C=C ------- > CH3CH2OOC-C* ------ > CH3CH20* + C-C (69)
The ethoxyl radicals produced in either Equation 68 or 69 are spin 
trapped. Hydroperoxyl radical, HOO*, produced in Equation 6?a is not 
spin trapped since its rate constant for reaction with PBN at room 
temperature is much lower than its rate of self-termination175.
The acyl radicals spin trapped in these reactions (Table X) result 
from abstraction of the aldehydic hydrogen by some of the radicals, X*
O
CH3CH2CHO + X* ------ > XH + CH3CH2C* (70)
produced in the solution. The aldehydic hydrogen abstraction reaction 
may not occur at or near -78°C since this reaction may be slow com­
pared to the spin trapping reactions175. At higher temperatures, this 
reaction may be more able to compete with spin trapping for the radi­
cals, X*. Thus, when the solution is rapidly warmed from -78°C, the 
temperature of the solution reaches a high enough level for the hydro­
gen abstraction to occur before the decomposition of the hydrotrioxide 
is complete and the acyl radicals are formed and then spin trapped.
4.4.2 Added Methanol and Ethanol
Organic compounds with acidic hydrogens such as alcohols and acids 
react with the carbonyl oxide to form molecular addition products, 
i.e. a-alkoxyl hydroperoxides and a-acetoxyalkyl hydroperoxides1,1®7' 
1®® respectively (See Equation 71). These reactions occur with great 
facility at temperatures below -100°C and were used by Criegee and 
Schroder to prove the existence of the carbonyl oxide®5.
*1^  ?1
ROH + ^C=0-0  > RO-C-O-OH (71)
r2 *2
When either methanol or ethanol is added to an ozonated solution of 
2-methyl-2-pentene at -78°C in the presence of the spin trap, radicals 
are still detected when the solution is warmed to room temperature 
(Subsection 2.8.2 and 3.5.7). This experiment precludes involvement 
of the carbonyl oxide in the free radical-forming process. In this 
case, the initial acyloxyl radicals are probably still formed, however 
in the presence of the large amount of hydrogen-donating alcohols, 
these acyloxyl radicals quickly abstract hydrogen and form acids 
carbon-centered radicals:
fl
RCO* + R-CH2OH ---------- > RCOOH + R-CH-OH (72)
a
R-CH-OH + Spin Trap ------ > Carbon-centered Spin Adduct (73)
4.5 OZONATION OF TETRAMETHYLETHYLENE
4.5.1 Summary of Results
The results of the low temperature ozonation and spin trapping 
technique applied to tetramethylethylene are summarized in Table XI. 
The main points here are (1) a peroxyl radical is spin trapped when 
the solution containing the ozonated olefin and spin trap is warmed to 
about -40°C, (2) the Arrhenius energy of activation for the formation 
of the radicals that are spin trapped is about 1 4 + 3  kcal/mole, well 
within the range for the decomposition of trioxygen species, e.g. di­
alkyl trioxides and alkyl hydrotrioxides®, (3) only carbon-centered
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Table X. Ozonation of THE and Spin Trapping
R e a c t io n  C o n d i t io n s R a d ic a l  T ra p p e d Comments
A. PBN
Slow Warmup ROO*, RD*
Fast Warmup ROO*, RO*
Warming S.T.
-78°C/1 hr ROO', RD* -
—50°C/0.5 hr ROO*, RD*
-27°C/0.5 hr
0°C/0.5 hr R*
Added MeOH RO*, H0CH2
Added BHA
Warm BHA & PBN ROO', RD*
Warm BHA, then
add PBN No Signal
Ea = 1 4 + 3  k/cal/mole 
log A - 9 + 3
2 Adducts
B . NtB
F a s t  Warmup DTBN * , (CH3 ) 3C ,
c h3o * ,  c h 3 *
radicals are spin trapped when the ozonated solution is warmed to o°C 
and then returned to -78°c before adding the spin trap, (4) no radi­
cals are spin trapped when the ozonated solution is warmed to room 
temperature in the presence of BHA and then returned to -78°C before 
adding the spin trap.
4.5.2 Fast Warmup
The detection of the peroxyl radical by spin trapping during the 
rapid warmup from -78°C to room temperature (without the temperature 
controller) suggests that the mechanism for free radical produc­
tion from the ozonation of tetramethylethylene involves a trioxygen 
species just as for 2-methyl-2-pentene. The two reactions differ with 
respect to the temperature where radicals appears and to the par­
ticipation of the acyl radical: the ozonation of tetramethylethylene
does not result in the production of an aldehyde
4.5.3 Slow Warmup
When the peroxyl radical from TME is spin trapped under pseudo- 
first order conditions (Subsection 2.9.2 and 3.6.1) the Arrhenius 
energy of activation for the radical-producing step that occurs prior 
to spin trapping is about 14 kcal/mole. Table XII lists all of the 
peroxygenated species for which the Arrhenius energy of activation for 
unimolecular decomposition have been determined. From this table, it 
is clear that the most likely structure of the peroxyl radical precur­
sor is that of a trioxygen species, either dL-alkyl trioxide or alkyl 
hydrotrioxide. An alkyl hydrotrioxide would be expected to decompose 
either to an alkylperoxyl radical and a hydroxyl radical.
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Table XII. Arrhenius Parameters for Peroxygenated Species
R E* Log A Comments
A. Hydrotrioxide s, R03H
PhC=0 -
Sh2 (CH2 )2°^(CH3 )
16.4
17.4
11.1
17.7
In Et2 
In Et20
ch3oc(ch3 )2 - 16.6 11.5 Neat
CH3C(0CH3 )2 - 16.1 11.8 In Et20
CH3C(OC2H5 )2 -
1------;-----1 b
0-(CH2 )2-0-C(Ph> -
13.2
20.5
9.8
16.6
In Et20 
In CH2C12
B. Dialkyl Trioxide, B03R
CH3C(CH3 )2 c 26.3 19.8
d
Calculated-
PhC(CH3 )2 - 18.8 12.6 Calculated^
C. Dialkyl Tetroxides, RO4R
ch3c(ch3 )2 - 8.7 9.7
PhC(CH3 )2 £ 7.3 10.7
ch2 (ch2 )4c(ch3) - 6.1 7.7
CH3C(CH3 )2CH2C(CH3 )2 — 4.0 5.7
D. Others
O-O—O
ch3 (ch2 )34h— ch2 5 7 + 2
(PhO)3l~? 3 14.1 9.2
(CH3 )2OC(CH 3 )2 + 03 , PBN -  14 + 3 9 + 3
— R e f e r e n c e  57. — R e f e r e n c e  48. — R e f e r e n c e  115. — From  a u t h o r 's
e f «
d a t a .  — R e f e r e n c e  102. — R e f e r e n c e  113. R e f e r e n c e  177. — T h is
p u b l i c a t i o n .
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ROOOH •> ROO* + OH* (74)
or to an alkoxyl radical and a hydroperoxyl radical®^,
ROOOH -> RO* + HOO* (75)
Although both the peroxyl radical and the alkoxyl radicals have been 
spin trapped in the low temperature ozonation and spin trapping 
experiments with tetramethylethylene, neither the hydroxyl nor hydro­
peroxyl radicals have been spin trapped. Thus, it is more likely that 
the radical precursor is a di-alkyl trioxide:
The absence of the aldehyde in the tetramethylethylene system is 
most clearly manifested by the failure to spin trap an acyl radical 
under any circumstance. During both the gradual and rapid warmup 
experiments (Subsections 2.9.1 and 3.6.1) only peroxyl and alkoxyl 
radicals are observed. Thus, this system does not involve an acyl 
radical (Equation 70), an acyloxyl radical {Equation 64), an alkyl 
radical resulting from decarboxylation of the acyloxyl radical 
(Equation 6 6 ) or the peroxyl and alkoxyl radicals which result from 
oxygen scavenging by the alkyl radicals {Equations 67 and 68b).
4.5.4 Warming in the Absence of the Spin Trap
When an ozonated solution of tetramethylethylene that is warmed to 
0°C in the absence of the spin trap, then returned to -78°c and the
R^  OOOR2 ■> R'jOO* + R20* (76)
spin trap added, is rewarmed to room temperature in the presence of 
the spin trap (Subsection 2.9.1 and 3.6.1), only carbon-centered radi­
cals are observed. This implies that when the solution is initially 
warmed from -78°C, the peroxyl or alkoxyl radicals that are formed 
from decomposition of the di-alkyl trioxide, react, either by addition 
or hydrogen abstraction, with some species in the solution (probably 
unreacted olefin)112 to initiate autoxidation,
ch3 / C h3 ch3 9H3
R0n * + ------ > R0n -fi - C* (77)
CH3 ch3 ch3 ch3
43
" "-------- ------- > ROnH + CH2*'-'C*--‘C - CH3 (78)
CH3 ch3
(n = 1 or 2 ) 44
The carbon-centered radicals, 43. end 44. are probably scavenged by oxy­
gen in the absence of the spin trap, to form peroxyl radicals,
ch3 ch3
43 + 02  > R0n - C - C - OO* (79)
6h3 6h3 
45
ch3 ch2oo*
44 + 02  > = C (80)
CH3
46
The peroxyl radicals, 45^  and 46 then continue the autoxidative chain 
by reacting further with more olefin(Equation 77 or 78)112.
When the ozonated solution is returned to -78°C prior to the addi­
tion of the spin trap, the autoxidative chain is "frozen". For 
example, the tertiary peroxyl radicals, 45, are stable at -78°C in 
solution1 "*4. These may also react during cooling to -78°C to form 
di-alkyl trioxides (Equations 81 and 82)112" 11^ which are also stable
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CH3 CH3 CH3  CH3
2 45  > [(ROn - C - C - 0-0)2]  > 2ROn - A - £ - 0* + 02 (81)
Ah3 ch3 ch3 £h3
47
—78°C ?H3 5H3 fH3 &3
4 5  + 47  > ROn - ? ** <r “ 0-0-0 - 9 - C - OnR (82)
—  —  ch3 ch3 ch3 ch3
48
at -78°C but which react on warming above -30°C to reform the alkoxyl 
and peroxyl radicals, 45 and 4 7I13-115.
When the "frozen" solution of autoxidizing tetramethylethylene is 
warmed to room temperature in the presence of the spin trap, 45^  and 
47 are re-formed from 48113-115. alkoxyl radical, 47, either
adds to the double bond or abstracts hydrogen from unreacted olefin 
(Equations 77 and 78), decomposes by (3-scission^ 1,
<TH3 fl
47  > R0n - C* + CH3- C - CH3 (83)
CH3
49
or is spin trapped. The peroxyl radicals, either sel'f-react to form 
more 47^  (Equations 81), react with unreacted olefin to form more 43^  
and 44 (Equations 77 and 78), or are spin trapped. From these reac­
tions, three main types of radicals are produced which are available 
for spin trapping: ROO’ (such as 45 and 46), RO* (such as 47), and
R* (such as 43, 44, and 49. When the supply of oxygen in the system 
is depleted (as it must be in sealed ESR tube that has been autoxi­
dizing at 0°C for 30 minutes) a mixture of carbon-centered radicals is 
spin trapped.
4.5.5 Added Methanol
As in the case of 2-methyl-2-pentenef the addition of methanol to 
the ozonated solution of tetramethylethylene at -78°C followed hy 
spin trapping with PBN still yields spin adducts and demonstrates the 
lack of participation by the carbonyl oxide in the radical-forming 
process^'107,109^
4.5.6 Added BHA
The addition of BHA to an ozonated solution of tetramethylethyl­
ene and warming the resulting solution to room temperature should 
result in the peroxyl radicals being produced and then scavenged by 
BHA. When this solution is returned to -78°C, the spin trap added, 
and the resulting solution rewarmed to room temperature, no radicals 
are detected. This experiment demonstrates that the spin trap is not 
involved in the initial radical production, since radicals are pro­
bably formed in the absence of the spin trap, although they are not 
detected if BHA is present.
4.5.7 Spin Trapping with NtB
Adding a solution of NtB to an ozonated solution of tetramethyl­
ethylene at -78«C and in the dark, and wanning the resulting solution 
to room temperature while in the cavity of the ESR spectrometer 
results in the NtB spin adducts of tert-butyl, methyl, tert-butoxyl, 
and methoxyl radicals (Subsections 2.9.2 and 3.6.2). These results 
suggest that tert-butyl radicals are somehow formed in the system. 
tert-Butyl radicals react by oxygen scavenging to form tert-butyl 
peroxyl (50) and then alkoxyl radicals (51 )H2,
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ch3 ch3
CH3-C* + 02 ----- > CH3-C-00*
CH3 CH3 (84)
50
ch3 9h3
2 CH3-C-00*-------------- > 2 CH3-C-0* + 02 ( 85)
&n3 Ah3
11
tert-Butoxyl radicals, 51, react by 3-scission to form acetone and 
methyl radicals41,
?h3 9
CH3-C-0* ---------- > CH3-C-CH3 + CH3‘ (8 6 )
CH3
Methyl radicals also react with oxygen to form methylperoxyl radicals 
and methoxyl radicals11 ,^
CH3 - + 02 ----------- > CH300* (87)
2 CH300* ------------- > 2 CH2°* + °2 (88}
The tert-butyl radicals that initiate the series of radical reac­
tions beginning with Equation 84 are formed from the unstable
NtB-peroxyl radical spin adduct (52)178.
0*CH3
ROO* + NtB ------------> ROO-N-<{: - CH3 (89)
CH3
52
CH3
52  > R00-N=0 + *C-CH3 (90)
6h3
The NtB spin-trap control that was carried through all steps of the 
reaction, produced no spin-adduct spectrum when run along with the 
spin-adduct solution. This precluded any inadvertant photolysis of 
the NtB solution by stray light (Equations 28a and 28b)1^^'144.
4.6 OZONATION OF cis-3-HEXENE
4.6.1 Summary of Results
Table XIII summarizes the results that are obtained when the low 
temperature ozonation and spin trapping experiments are applied to 
cis-3-hexene. The important points here are (1) the primary alkoxyl 
radical and the acyl radical are spin trapped from this olefin just as 
they are from the low temperaure ozonation of 2-methy1-2-pentene 
(Table X, p. 153), (2) no acyloxyl radical spin adduct is ever 
detected.
4.6.2 Mechanistic Considerations
Ozonation of cis-3-hexene results in the production of propanal 
just as does the ozonation of 2-methyl-2-pentene via the usual Criegee 
pathway:
A
CH3CH2CH=CHCH2CH3 + 03 -------- > CH3CH2CH__CHCH2CH3 (91)
53
53 ------------> CH3CH2CHO + CH3CH2CH=0-0 (92)
Unlike 2-methyl-2-pentene, the carbonyl oxide, CH3CH2CH“0-0, does not 
rearrange but, rather, reacts with the propanal to produce about an 
80% yield of secondary ozonide^:
O  O
CH3CH2CH0 + ch3ch2ch=o-o ------- > CH3CH2CH ^CHCH2CH3 (93)
2° Ozonide
Table XIII. Ozonation of cis-3-Hexene and Spin Trapping
R e a c t io n  C o n d i t io n s
A. PBN
F a s t  Warmup 
-78°C/17 hr
0°C/17 hr
B . NtB
F a s t  Warmup
Radical Trapped
RO*
RO*
r c h 2o * ,  r c ( = o ) *
Comments
S i g n a l  a p p e a r s  an d  
g ro w s s lo w ly
S i g n a l  a p p e a r s  
q u i c k l y  an d  g row s 
s lo w ly
S i g n a l  a p p e a r s  
q u i c k l y  an d  grow s 
s lo w ly
Formation of the secondary ozonide at -78°C occurs much more quickly 
than the much slower ozone-aldehyde reaction leaving far less aldehyde 
available for hydrotrioxide formation^•117,52-57# Thus, one would 
expect a much lower yield of spin-trapped radicals from the low tem­
perature ozonation and spin-trapping reaction applied to cis-3-hexene 
compared to 2-methy1-2-pentene, a result observed in the experiment 
whose results are Bhown in Table V, p. 56.
The failure to detect the acyloxyl radical spin adduct from the 
ozonation of cis-3-hexene implies a second difference between the two 
reactions. For the ozonation of 2-methyl-2-pentene, the observation 
of spin-adduct formation at -70°C to -60°C (Figure 19) is much lower 
than the temperature at which trioxygen species normally decompose®^ 
and is higher than the temperature of decomposition of the tetrox- 
ide^^-l 15. that this unusually facile decomposition of
the acyl hydrotrioxide is due to an induced decomposition caused by 
the presence of unreacted olefin4 ^:
CH3CH2COOOH — tCH3.l2CH=£SCH2c^ 3 > CH3CH2£o’ + HOO* (94)
For the radical formation from cis-3-hexene, the induced decom­
position may occur at -78°C during the ozonation and prior to the 
addition of the spin trap. In such a case, no acyloxyl radical would 
be spin trapped. The acyloxyl and hydroperoxyl radicals formed prior 
to the addition of the spin trap might possible react to form other 
radicals that are stable at -78°C. Upon warming the solution to room 
temperature in the presence of the spin trap, these stable radicals 
could react with unreacted aldehyde to form the acyl and alkoxyl radi­
cals that are spin trapped:
CH3CH2CO*/HOOk
"Radical Stable at -78°C" + CH3CH2CHO CH3CH2C ■ (96)
ch3ch2c* + 02.1 (97)
Alternatively, the failure to detect an acyloxyl radical during 
the warmup step may indicate that the acyl hydrotrioxide is formed as 
before but the acyloxyl radical reacts preferentially with some other 
substance in the ozonation solution rather than with the spin trap. 
This hypothesis would explain the long term stability at -78®c exhi­
bited by the radical precursor (Subsection 3.7.1, p. 131), a behavior 
expected for a trioxygen species such as acyl hydrotrioxide, but not 
for a radical4^ 6''.
4.7 OZONATION OF SUBSTRATES WITH REACTIVE HYDROGENS
Table XIV summarizes the results obtained when the low tem­
perature ozonation and spin trapping precedure is applied to a series 
of cyclic acetals, a cyclic ether (tetrahydrofuran), and an aldehyde 
(propanal). As discussed in the Introduction (Subsections 1.3.1 and 
1.4.5) the reaction of ozone with these substrates have been shown to 
result in the production of hydrotrioxides at low temperature4®-®?:
A lth o u g h  t h e  k i n e t i c s  f o r  d e c o m p o s i t io n  o f  t h e  h y d r o t r l o x i d e ,  ROOOH,
R-H + 03 •> ROOOH (98)
have been studied in several instances48»49/52,53,56 an(j product ana­
lyses conducted4?f48, the exact mechanism through which it decomposes
Table XIV. Spin Adducts from Compounds with Reactive Hydrogens
Substrate
Hyperfine Radical
Splitting (mT) Trapped
a(N) a(H-1) a(H-2)__________
Comments
A . 1,3—Dioxolane
1. DMPO
In CFC13 1.253 1.062
1.324 1.148
0.103 HOO*
Unknown
In n-CsHi2 1.225 1.044 0.118 HOO*
1.241 0.631 0.200 RO*
2. PBN 1.339 0.177 HOO* May be RO*
B. 2-Phenyl-1,3- 
dioxolane 
(with DMPO)
In CFCI3 1.261 0.956 0.114 BzO’
1.250 RO* Only a(N) 
can be 
measured
In n-CsH.|2 1.247 0.905 0.123 BzO*
1.238 RO* Only a(N) is 
measurable
C. 2/2-Dimethyl-1,3- 
dioxolane 
(with DMPO)
In CFCI3
In n-C5H-|2
No Signal 
No Signal
D. Tetrahydrofuran 
(with DMPO in 
n’c5H12)
1.233 1.048 0.107 HOO* Other peaks
may be pre­
sent
B . Propanal
(with DMPO in 
CFCI3 )
1.286 0.622 0.201 RO*
remains unknown4^'4®'56.
Ozonation of the cyclic acetals result in nearly 100% yield of the
hydroxyester, R-C(=0)-0-CH2-CH2“0H47'49”51. The reaction is first
order in both ozone and acetal and appears to involve a 1,3-dipolar
insertion of ozone into the c-H bond^l. The hydrotrioxide decomposes
between -40°C and *-10°C and hydrogen peroxide is also a product48'4®' 
56
*
4.7.1 1,3-Dioxolane
The results from the low temperature ozonation of 1,3-dloxolane54
and spin trapping of the product radicals suggests a mechanism for the
decomposition of the 1,3-dioxolane hydrotrioxide. On warming to
-40°C, the hydrotrioxide decomposes to hydroperoxyl radical and 
1,3-dioxolane-2-oxyl8^,48,49,61.
✓ °  " ?H2 —40°C ✓<> - ?*2
CH-03H |  > HOO* + CH-O* | (99)
N*o -  c h2 x o  -  c h2
55
The oxy-radical, j>5, quickly reacts by (i-scission to form 1-ethylfor- 
mate-2-oxyl:
/° - ?H2 B
HC-0* I ---------------> HC-0-CH2-CH2-0* (100)
o - ch2
56
In the presence of DMPO, both HOO* and 56 are spin trapped as shown in 
Table XIV. In the absence of the spin trap, both abstract hydrogen 
from unreacted dioxolane to form the observed products:
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O - CH2 - ch2
HOO* + H2c I  > H202 + HC* I (101)
o - ch2 n o - CH2
54 57
H§-0-CH2-CH2-O* + 54  > HC-0-CH2-CH2-0H + 57 (102)
In the presence of oxygen, 52 reacts further to form a peroxyl radi­
cal,
/> - 2
_57 + 02  > HC-OO* | (103)
V0 - CH2
and initiate autoxidation of the remaining acetal.
The unknown radical that appears as shoulders in the 1,3-dioxo- 
lane spin-adduct spectrum in CFCI3 may be the DMPO spin adduct of 
hydroxyl radical. The spin adduct of HO* (a(N)=a(H)=1.53 mT) has only 
been produced in w a t e r 133 and, therefore, no difinite assignment may 
be made.
4.7.2 2-Phenyl-1,3-dloxolane
When 2-phenyl-1,3-dioxolane is ozonated at -78°C and the resulting 
radicals spin trapped with DMPO, a spin adduct is observed that has 
splittings that are consistent with spin-trapped benzoyloxyl radical 
(BzO*)133^ In addition, an alkoxyl radical is also spin trapped, 
although no hydroperoxyl radical, HOO*, is (Table XIV). The ozona­
tion of 2-pheny 1-1 ,3-dioxolane has been studied4^-4® and the major 
product is the hydroxy ester, Ph-C(=0 )-0-CH2CH2OH4^, indicating that 
8 -scission to the acyclic alkoxyl radical does occur:
yQ ~ CH2 Q
Ph-C-O* j ----- > Ph-C-0-CH2CH2-O* (104)
0 - CH2
58
The activation parameters for decomposition of the hydrotrioxide, 
formed from ozonation of 2-phenyl-1,3-dioxolane, indicate that a 
mechanism similar to that for other trioxygen species applies4®'4®. 
Clearly, however, this mechanism does not accomodate a benzoyloxyl 
radical as an intermediate.
The benzoyloxyl radical may, however, be derived from 58 via 
Equation 10545:
Ph-C-O—CH2CH2—0 * ------ > PhC(=0)O* + CH2-CH2 (105)
This reaction could occur in competition with the spin-trapping reac­
tion, the benzoyloxyl radicals being spin trapped along with 58.
The failure to spin trap HOO* suggests that a more attractive 
reaction site for the HOO* radical exists in the solution.
HOO* reacts very slowly with DMPO even at room temperature (k nearly 
104 time smaller than for other oxy radicals)^5. Self-termination of 
HOO* occurs with great facility even at -78°C^®®, however, and is 
probably the preferred route for HOO*:
2 HOO* --------- > H202 + 02
4.7.3 2,2-Dimethyl— 1,3-dloxolane
The failure to detect spin trapped radicals when the low tem­
perature ozonation and spin trapping experiment is applied to
2,2-dimethyl-1,3-dioxolane confirms the site of ozone attack as being 
the C-H bond at C(2) on the dioxolane ring:
ch3 p - ch2
I + Oo  > No Reaction
CH3 \> - ch2
(107)
4.7.4 Tetrahydrofuran
Ozonation of the cyclic ether, 2-methyltetrahydrofuran, has been 
studied^. This substrate reacts with ozone at low temperatures 
(down to —68°C) to form a hydrotrioxide as determined by NMR. The 
hydrotrioxide could be stablized by hydrogen bonding,
CH2 - ^H2 ch2 - CH2
CH2 CH +O3 ------ > CH2 CH3 (108)
'"o' ch3 'o' 9
V
59
and decomposes by a concerted mechanism above -30°c to produce
5-hydroxy-2-pentanone (60), which then cyclizes and becomes 
dehydrated^1:
?H2 - 9»2 R
CH2 CH3 -------- > H3C-C-CH2-CH2-CH2-OH + 102 (109)
'o 0p I
H oV
60
9h2 - CH2 CJH2 - flH
60  > ch2 c - ch3 < > ch2 c -ch3 (110)
'o' 'o h 'o
(Note that singlet oxygen was detected during the decomposition of the
hydrotrioxide).
The detection of HOO* by spin trapping from the low temperature 
ozonation and spin trapping experiment applied to tetrahydrofuran 
demonstrates that the decomposition of the hydrotrioxide does not pre­
cede via a concreted pathway for this ether. On the contrary, the 
hydrotrioxide must decompose to HOO* and 1-oxocyclopentan-2-oxyl (62):
ch2 - ch2 ch2 - ch2
I I + 03 — — — > I I (111)
ch2^  ^ ch2 ch2^  ^ch
'0 ■fi 9H O
No'
61
SH2 “  SH2
61  > CH2 ^CHz-0* + HOO* (112)
62
The alkoxyl radical, 62, probably rearranges quickly by 0-scission to
1-butanal-4-oxyl (63 ) ^  :
O
62  > HC-CH2CH2CH2-0* (113)
63
In the presence of DMPO, HOO* and 62 are spin trapped (Table XIV) 
while in the absence of the spin trap each probably abstract hydrogen 
from unreacted substrate to initiate autoxidation of the ether.
4.7.5 Propanal
The low temperature ozonation of benzaldehyde and acetaldehyde 
have been studied and found to precede via an acyl hydrotrioxide 
intermediate^-57 # ozone is added to the aldehydic C-H bond by
1,3-dipolar addition^. The decomposition of the acyl hydrotrioxide 
has not been studied kinetically and has been suggested to procede
through free radical intermediates66.
Propanal is produced from the ozonation of both 3-hexene and
2-methyl-2-pentene and appears to participate in the autoxidation of 
these olefins subsequent to their ozonation (Subsections 4.4). Thus, 
it is important to study the reaction of this aldehyde with ozone 
in the absence of the olefins.
As shown in Table XIV, only alkoxyl radicals are detected from 
the low temperature ozonation and spin trapping experiment applied to 
propanal. An alkoxyl radical can only be produced in this experiment 
from decarboxylation of an acyloxyl radical with subsequent oxygen 
scavenging^6^ •
R-C(=0)0* -------- > R* + C02 (114)
R* + 02 ---------- > R00* (115)
ROO* -------- > ------- > RO* + 02 (116)
Thus, an acyloxyl radical may be involved in the decomposition of the 
acyl hydrotrioxide produced from the ozonation of propanal. Then, 
the only course in which the acyl hydrotrioxide may decompose is as 
follows:
R-C(=0)000H  > R-C(=0)O* + HOO* (117)
HOO* is probably not observed because it reacts by self-termination to 
give non-radical species^6®.
PART II
AN ELECTRON SPIN RESONANCE STUDY OF THE FREE RADICALS 
IN CIGARETTE SMOKE
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INTRODUCTION
1.1 SMOKE AS AN ENVIRONMENTAL POLLUTANT
The discomforts that arise as a result of inhaling tobacco smoke 
are well known to both smokers and non-smokers. The initial attempt 
to intentionally inhale tobacco smoke usually results in choking, gag­
ging, nausea, and irritated eyes indicating the unwillingness of one's 
body to accept this foreign substance^. Even persons who have smoked 
regularly for several years still experience occasional discomfort.
Non-smokers are unwilling participants in the tobacco smoking 
process since it is virtually impossible to avoid finding oneself in 
the vicinity of smokers^,
1.2 TOBACCO SMOKE AS A HEALTH HAZARD
As indicated in the Surgeon General's warning on cigarette packa­
ges, tobacco smoke poses a serious hazard to the health of both 
smokers and non-smokers forced to be near smokers. As a result of 
increased rates of heart disease, cancer of the respiratory tract, 
emphysema, and chronic bronchitis, cigarette smoking is the "single 
most important environmental factor contributing to premature mor­
tality in the United States"^. For example, the life expectancy of a 
30 year old male who presently smokes 10 cigarettes per day is nearly 
five years less than for a non-smoker4 ; former smokers show increased
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mortality ratios even 10 years after quitting®; smokers of low tar and 
nicotine cigarettes still have overall mortality ratios that are 50% 
higher than non-smokers®; and a person's overall mortality ratio 
decreases when that person quits smoking regardless of how long or how 
many cigarettes per day that person smoked®. Despite these figures/ 
nearly 33% of Americans over 16 years old are cigarette smokers.
(That is nearly 54 million people in the U.S. alone^.)
It is clear that cigarette smoking is firmly rooted in our 
society and the only course toward reducing the hazards of smoking is 
in the design of a safer cigarette. In order to design a cigarette 
that is completely safe, it is necessary to completely understand the 
fundamental processes that are involved in producing the clinical and 
physiological responses to cigarette smoke that both human and animals 
exhibit8 .
1.3 THE PRODUCTION OF TOBACCO SMOKE
1.3.1 Mainstream Smoke
Mainstream smoke is that smoke that is produced during puffing, 
travels through the stem of the cigarette, and is inhaled by the 
smoker8 . Mainstream smoke consists of several thousand different 
compounds that are either present initially in the tobacco or are pro­
duced in reactions that depend on the tobacco temperature8'8 . That 
portion of the burning cigarette that glows brightly during the puff 
is referred to as the burning cone9 . During a puff the temperature 
inside the burning cone reaches 900°C with hot spots over 1100°c8. 
There is a steep temperature gradient extending away from the burning
cone; the temperature drops to about 40°c at three centimeters from 
the burning cone. As a result of this tem perature profile, three 
major reaction zones can be defined: the high temperature zone, the
oxygen-depleted pyrolysis-distillation zone and the low-temperature 
zone^'®.
The high-temperature zone is confined to the interior of the 
burning cone. The temperature varies from a high of 900°C to a low of 
600°C. The atmosphere in this zone is reducing^, as is evidenced by 
the almost complete absence of oxygen and high levels of hydrogen 
(about 7% by volume), carbon monoxide (about 11% by volume) and 
methane (about 1.5% by volume). Within the high-temperature zone, 
organic matter is thermally decomposed to unstable fragments, many of 
which contain unpaired electrons3'9 '^ .
The unstable fragments produced in the high-temperature zone 
escape to the lower temperature oxygen-depleted pyrolysis-distillation 
zone. Here, the temperature ranges from 600°C to 100°C3'9. Within 
this zone, pyrosynthesis occurs9 in which unstable fragments recombine 
to form components not originally present in the cigarette, (e.g. 
polynuclear aromatic hydrocarbons (PAH)).
The low temperature zone is the most distant zone from the 
burning tip of the cigarette and is where distillation of low-boiling 
organic material occurs. Here, for example, is where nicotine and 
terpenes enter the smoke stream. Vaporization and cellular exposions 
eject both volatile and non-volatile materials into the smoke 
stream3'9 . The low temperature zone is also where mainstream smoke 
is diluted with oxygen to about 12% as a result of air entering the 
smoke stream through the pores of the paper
1*3.2 Sidestream Smoke
Sidestream smoke is that portion of the smoke that trails off the 
burning cone between puffs. It is produced under static burning 
conditions in which the temperature of the flame does not exceed 
800°C, and the temperature of the sidestream smoke reaches ambient 
levels within a few centimeters from the flame®'1®. Sidestream smoke 
has received far less study than mainstream smoke; however, because of 
the recent displeasure voiced by non-smokers toward being forced to 
breathe smoke-polluted air, there is increasing interest in sidestream 
smoke or "non-smoker's smoke".
1.4 COMPOSITION OF SMOKE
1.4.1 Physical Composition
Mainstream smoke leaving the tip of a cigarette consists of about 
10® particles per mL ranging from 0.2 to 1 micron in diameter®'14.
This material is charged with about 10^  electrons per gram of smoke 
including both single and multiple charges14. Each of the particles 
is composed of a large variety of organic and inorganic compounds 
along with gases such as nitrogen, oxygen, hydrogen, carbon dioxide, 
and carbon monoxide®'®.
Both mainstream and sidestream smoke are divided into two phases 
based upon its passage through a Cambridge filter®'®. (A Cambridge 
filter is a glass fiber filter capable of removing 99.9% of the par­
ticles greater than 0.1 micron in diameter from the smoke stream®.) 
That portion of the smoke retained by the Cambridge filter is referred
to as particulate matter or tar, while that portion that passes 
through is called gas-phase smoke.
1.4.2 Chemical Composition.
Table 1 lists some of the major components of cigarette 
smoke3' ® ' The total particulate matter comprises only a small 
fraction (about 8%) of the total, with the gases (e.g. nitrogen, oxy­
gen, carbon dioxide) making up most of the weight of the smoke. In 
addition to the gases listed, smoke also contains the nitrogen oxides, 
NO, NO2 , and N2O3'®'16. NO is present in smoke at a concentration 
that varies between 5 and 800 micrograms per cigarette while only 
traces of NO2 and N2O have been detected. Also included in gas phase 
smoke are volatile N-nitrosamines^, sulfur compounds such as I^S^8, 
and aldehydes such as formaldehyde, acetaldehyde, and acrolein^.
Many of these compounds are either known or suspected carcinogens or 
toxigens3'® •
The particulate phase of the smoke contains the major groups of 
compounds listed in Table II. The group having received the most 
study by far is the polynuclear aromatic hydrocarbon group (the PAH's). 
These compounds have been so extensively studied because a large 
number are known to be potent carcinogens (e.g. benzo(a)pyrene, 
dibenz(a,h)anthracene, and benzo(b)fluoranthene)3'®'^®* Nicotine is 
also present in the particulate portion of the smoke at a con­
centration range of 0.05 to 2.50 mg per cigarette^0. There are also 
non-volatile N-nitrosamines, aromatic amines, alkanes and alkenes, 
isoprenoids, benzene and substituted benzenes, phenolic compounds, and 
at least 76 metals3'®.
Table I. Major Components of Cigarette Smoke—
Components Weight (mg/Cigarette)
Total Particulate Matter 40.6
Nitrogen 295.4
Oxygen 66.8
Argon 5.0
Carbon Dioxide 68.1
Carbon Monoxide 16.2
Water Vapor 5.8
c2 “ c6 hydrocarbons 2.5
Carbonyls 1.9
b
Other gases— 3.3
cl t)—  Reference 3. —  Reference 9.
Table II. Major Components o£ Tar~
Components Height/Cigarette
Nicotine and other alkaloids 0.05 - 2.50 mg
Nonvolatile N-nitrosamines 0.14 - 16 ug
Aromatic Amines 1 - 3 ng
Alkanes and Alkenes 0.7 - 1.2 mg
Benzenes and naphthalenes < 300 ug
Polynuclear aromatic hydrocarbons 1.1 mg
—  References 3 and 9.
1.5 FREE RADICALS IN CIGARETTE SMOKE
1.5.1 Origin of Radicals
The high temperatures produced during the smoking process are 
easily capable of causing carbon-carbon and carbon-hydrogen bond 
scission^'^1_ As stated above, most of the polyaromatic hydrocar­
bons found in cigarette smoke have free radical origins: in the
reducing atmosphere of the burning cone (the high temperature zone) 
carbon-centered radicals and hydrogen atoms, arising from carbon- 
carbon and carbon-hydrogen bond scissions, initiate many free radical 
reactions that eventually lead to the formation of hydrogen gas and 
dehydrogenation of hydrocarbons^. The result is the formation of 
unstable radical fragments that either cyclize to aromatic rings or 
terminate in free radical reactions3'9' ^ .
Frequently, the cyclization reactions produce carbon-carbon bonds 
that are highly strained22; these bonds are easily homolyzed to pro­
duce radical centers within the large molecular framework that are 
similar to the radicals found in chimney soot, carbon black and other 
carbonaceous material^3. Since these radical centers are isolated 
from attack by other radical or non-radical species, they are very 
persistent and detectable by ESR even at room temperature22-24.
Cured tobacco leaves contain polyphenolic pigments formed 
enzymatically during the curing process9'15,25-27, These pigments are 
formed in processes28'29 that are very similar to the enzymatic pro­
cesses responsible for the production of the skin and hair pigment, 
melanin. (Melanins result from an enzyme-initiated oxidation of a
hydroquinone, dihydroxyphenylalanine (DOPA)30'3  ^ and tobacco leaf 
pigment from the oxidation of chlorogenic acid28'28.) The tobacco 
leaf pigment is carried through the smoking process with some modifi­
cation of its physical properties; however, many of its charac­
teristics remain unchanged32'33 as a result of the cellular explosions 
referred to above3'8 . Thus, since melanins are characterized by 
having an inherent free radical signal3^-3^' -*-** seems reasonable to 
assume that the pigment material found in tobacco and tobacco smoke 
also might contain free radicals.
1.5.2 Detection of Radicals
LyonB, Gibson, and Ingram. In 1958, Lyons, Gibson, and 
Ingram38 first observed free radicals by ESR in whole cigarette smoke 
that was condensed at liquid oxygen temperature. These workers 
reported that the smoke contains two populations of radicals; an 
unstable population that can only be observed at -183°C and that 
vanishes when the condensate is warmed to 60°C; and a persistent popu­
lation that exists for "several days" at room temperature. They 
reported that the unstable radical population accounts for about 1/6 
of the total radical population determined at -183°C and consists of 
about 1018 free electrons per gram of tar).
In a second set of experiments, these authors studied the effect 
of extracting benzene solutions of the stable radicals with water, 2 N 
NaOH, and 2 N H2SO4 . They reported that the ESR signal of the stable 
radical was reduced in intensity following each of the extractions (by 
20, 50, and 57%, respectively).
They concluded that whole smoke contains several different types
of free radicals, some of which are very stable while others possess 
only fleeting existences. They also suggested that these free radi­
cals might be involved in the carcinogenesis of cigarette smoke.
Lyons and Spence. In a follow-up study, Lyons and Spence 
reported the detection of free radicals in sidestream smoke as well as 
in mainstream smoke3®. They reported that dried sidestream smoke 
condensate contains 5 x 10^4 spins per gram of tar while mainstream 
smoke condensate contains 6 x 10 ^ 3 spins per gram. These results were 
compared to chimney soot and to the condensed exhaust material from 
diesel powered automobiles that contain 5 x 10^8 and 2 x 10/*® spins 
per gram of material, respectively.
Solutions of cigarette smoke in benzene possess fluorescent pro­
perties that decrease with exposure to light4®. Lyons and Spence 
showed that cigarette smoke possesses a component, capable of deco­
lorizing the free radical, DPPH (2,2-diphenyl-l-picrylhydrazyl)4^, 
that decays with first order kinetics in parallel with the decreasing 
fluorescence.
The smoke was also separated by column chromatography on alumina. 
Three fractions were obtained: n-hexane-, benzene-, and acetone-
soluble. None of the radicals were detected by ESR in the hexane 
fraction while the benzene and acetone fractions contained 35 and 50% 
of the initial radical concentration, respectively.
These authors concluded that the free radicals arose from free 
electrons trapped within aromatic structures composed of four or five 
condensed rings.
Ingram. Ingram published two extensions of the earlier work38 in 
which the pyrolysis of organic material was related to the production
of free radicals as detected by E S R ^ /4^* demonstrated that free 
radical production by pyrolysis is a general phenomenon occurring 
with various types of hydrocarbons and that the concentration of free 
radicals produced is proportional to the percent of carbon in the 
pyrolyzed material. (A maximum free radical concentration was 
detected at about 90% carbon.) He concluded that such a high percen­
tage .of carbon is consistent with a polynuclear aromatic hydrocarbon 
and that the free electron must reside within such a structure.
Tully, Briggs and Horsfield. Tully, Briggs and Horsfield were 
the first authors to publish a study of the free radicals in condensed 
gas phase cigarette smoke (mainstream smoke that was first passed 
through a Cambridge filter and then condensed at liquid oxygen 
temperature)4**. The condensed mainstream, smoke produced no ESR signal 
until the temperature of the cavity was raised to -100°C. At this 
temperature, a three-line ESR spectrum was obtained that has a nitro­
gen splitting of 1.26 mT. For cigarettes whose tobacco contained 3.4% 
copper nitrate by weight, a complex ESR spectrum consisting of at 
least 17 lines was observed.
The three-line spectrum from the untreated tobacco increased to a 
maximum intensity after 1.5 hours at -100°C. When warmed to room 
temperature, the ESR signals observed at -100°C vanished irreversibly.
These authors concluded that the free radicals observed could 
arise as a result of some unspecified participation by nitrogen 
oxides in radical reactions within the smoke.
Interestingly, nitrogen dioxide (N02 ), itself a free radical, 
adds to olefinic double bonds to produce carbon-centered radicals44. 
ESR spectra taken on solutions of N02 in several olefins show three-
line spectra that are very much like that observed by Tully and 
Briggs; in each case, a three-line spectrum with a(N) *= 1.22 to 1.33 
mT is obtained44-4®.
Howlands, Cadena, and Gross. These authors studied the effect of 
smoke radicals on the tissue of perfused rabbit lungs4^. The lungs 
were removed from the animals and attached to a bell jar which was 
used to simulate the breathing operation. The animal blood was made 
to circulate through the veins and arteries attached to the lung while 
smoke was periodically drawn into the lung. The blood was then 
sampled and studied by ESR. They found a three-lined ESR spectrum 
superimposed on a second broad singlet, and they theorized that a 
covalent, hexacoordinated ferric hemoglobin complex explained the ESR 
spectra.
Rowlands, Estefan, Gause, and Montalvo. This is an extension of 
the previous publication4^ in which the reaction of cigarette smoke 
condensate with hemoglobin was studied in more detail4®. In addition, 
the electron transfer properties of the smoke condensate was studied. 
The involvement of the oxides of nitrogen in the free radical proper­
ties of the smoke was suggested by a selective condensation experiment 
in which the smoke was fractionated at various temperatures and the 
various condensates reacted with hemoglobin.
Blumn, Weinstein, and Sousa. The first application of spin 
trapping to the study of the free radicals in smoke was reported by 
Blumn et al.4®. Mainstream smoke from commercial cigarettes, pipes, 
and cigars was bubbled through solutions of PBN in benzene. In each 
case, a doublet of triplets with a(N) = 1.376 and a(H) = 0.199 mT was 
obtained along with a triplet with a(N) = 0.801 mT. The former split­
tings were assigned to an alkoxyl radical adduct of PBN while the 
latter signal was assigned to PBNOx (Section 2 of Part I). The inten­
sity of the spin adduct signal from the cigarette smoke is the weakest 
while that from cigars is the strongest.
de Hys, Francis, Seebach, and Wasson, de Hys et al. studied the 
spin trapping of free radicals in the filtered mainstream smoke of 1R1 
research cigarettes®^. They obtained spin-adduct spectra that did not 
exhibit hydrogen splittings although the three-line spectra were very 
broad (the hydrogen splitting was not resolved)* They reported that 
the smoke can be held in the syringe for 15 seconds before being bub­
bled through the PBN solution without any change in spectral features, 
while holding the smoke for 30 seconds results in a 50% decrease in 
the spin-adduct spectral intensity. These authors also found that 
spin trapping unfiltered smoke results in no spin-adduct spectrum.
Experiments also were performed using 2-nitrosotoluene and 
5-nitroso-8-quinolinol as spin traps. In the first case, a three-line 
spectrum was obtained with a(N) = 1.56 mT while the second spin trap 
gave no spin adduct. No attempt was made to identify the radical spin 
trapped with 2-nitrosotoluene.
Nitrogen dioxide was bubbled through a solution of PBN in benzene 
and the resulting solution studied by ESR. They observed a strong 
three-line ESR spectrum with a(N) = 1 . 0  mT. Smoke bubbled through 
cyclohexene produced no ESR signal, although NO2 reacts with olefins 
to give the three line spectrum described above44”4®. These authors 
concluded that the free radicals in the gas phase of mainstream 
cigarette smoke have half-lives of about 30 seconds and that NO2 is 
not the dominant free radical species responsible for production of
spin adducts from cigarette smoke.
Menzel, Vincent, and Wasson. A spin-trapping study of the free 
radicals in the mainstream smoke from 1R1 research cigarettes was per­
formed by Menzel, Vincent, and Wasson in 19765 .^ These authors used 
spin-adduct spectral line broadening to determine that the gas phase 
results in 1 x 10^8 spin-trapped radicals per cigarette puff (about 1 
x spins per gram of tar produced). Using spin-trap solutions in
series, they estimated the efficiency of spin trapping of the smoke 
radicals with PBN to be about 47%.
The extremely broad spectral lines showing no hydrogen splittings 
probably invalidate their results. The spin-adduct concentration that 
they obtained (2 x 10^8 spins per gram) is also much larger than any 
other radical concentration reported before or since^8'88'52.
Pryor, Terauchi, and Davis. The first comprehensive study of 
the free radicals in the mainstream smoke produced by 1R1 research 
cigarettes was reported in 1976 by Pryor, Terauchi, and Davis52.
Using three different spin traps, PBN, DMPO, and OHPBN (3,5-di-tert- 
butyl-4-hydroxyphenyl)-N-tert-butyl nitrone), they found that the 
smoke produces three types of spin adducts: an alkoxyl or aroyloxyl
spin adduct, PBNOx, and an unknown adduct with a(N) = 1.00 mT. They 
reported that the intensity of the alkoxyl adduct increases with 
increasing distance that the smoke must travel from the cigarette to 
the spin trap solution for distances up to 60 cm and then decreases 
thereafter, a phenomenon called the "Pathlength Effect". The concen­
tration of spin-trapped radicals was found to be about 1 x 10^5 spins 
per gram of tar. in addition, the effect of aging the spin adducts on 
both their absolute and relative concentrations was studied.
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1.6 FREE RADICALS IN CIGARETTE SMOKE PATHOLOGY
1.6.1 Free Radicals and Cigarette Smoke Carcinogenicity
Most authors who have reported studies of the free radicals that 
are present in cigarette smoke have suggested that these radicals may 
be involved in the cancer-causing mechanisms that are initiated by 
cigarette smoke^'48/52-5^ directly linking free radicals
in smoke to lung cancer is, however, only inferential®^'®3.
A study of the effect of smoke composition on carcinogenic acti­
vity implicates nitric oxide, NO, as a causitive agent®®. In this 
study, eight types of research cigarettes having different amounts of 
total particulate matter, tar, nicotine, CO, HCN, total gas vapor 
phase, acetaldehyde, and acrolein were used. The smoke was admi­
nistered to hamster lung cultures over a period of up to six months 
and the cells were then studied by light microscopy for cytotoxicity, 
atypical growth, and malignant transformations. These authors found 
that NO was the only smoke constituent that paralleled the car­
cinogenic effects.
The involvement of free radicals in cigarette smoke in car­
cinogenesis may be far more complex than the above experiment 
suggests and may be more indirect, as in the following. Polynuclear 
aromatic hydrocarbons (PAH) such as benzo(a)pyrene are potent car­
cinogens found in cigarette smoke3'®*®6. These normally slow-reacting 
compounds are metabolized in several types of tissue cells through the 
action of the hydroxylating enzyme, benzo(a)pyrene 3-hydroxylase or, 
more generally, arylhydrocarbon hydroxylase®^**®®. The hydroxylated 
PAH is water-soluble and is excreted by the body. Several antioxi-
dants exert an inhibitory effect on the action of the hydroxylating 
enzyme66. This fact has led researchers to suggest that the metabo­
lism of p a h procedes through free radical intermediates that become 
bound to DNA and ultimately lead to abnormal cellular proliferation6*•
1.6.2 Free Radicals and Emphysema
Free radicals in cigarette smoke are also implicated in 
non-genetically related emphysema62. Emphysema is generally charac­
terized by broncheal lesions suggesting that disruption of the elastin
63network within the alveolar walls has occurred . The inhalation of 
particulates into the lungs, as during smoking, causes an increase in 
the number of polymorphonuclear leukocytes and pulmonary alveolar 
macrophages in the vicinity of the lungs6*. These cells phagocytize 
ingested particles and release the proteolytic enzyme, elastase62, 
which destroys the elastin that forms part of the superstructure of 
the alveoli63. Normally, the elastase is kept in check by the 
anti-protease enzymes, one of which, a-j-antitrypsin, is responisible 
for 90% of the activity6'*. Cigarette smoke inhibits the action of 
ot:j-antitrypsin, allowing destruction of lung tissue by the elastase. 
a 1-Antitrypsin appears to be inactivated when at least two of its 
eight methionyl residues are oxidized to a sulfoxide by oxidizing 
agents, possibly free radicals, in cigarette smoke66.
A second mechanism through which free radicals may be involved in 
destroying a4-antitrypsin is as follows: During phagocytosis,
polymorphonuclear leukocytes experience a respiratory "burst" charac­
terized by a sudden increase in oxygen uptake66. The oxygen appears 
to be reduced to hydrogen peroxide, hydroxyl radicals, (HO’), and
superoxide (02- ) -that are then used in bacterial killing6"^. Tobacco 
smoke stimulates this respiratory burst by providing the particles 
that the leukocytes must phagocytize®®. Either hydroxyl radicals or 
superoxide are capable of attacking and deactivating c^-antitrypsin 
should either somehow "leak" out of the neutrophilic cellular environ­
ment and escape the protecting enzymes, catalase, peroxidase, and 
superoxide dismutase®®. This mechanism is particularly attractive 
since both HO' and 02“ have been .spin trapped using DMPO from 
neutrophils stimulated with latex particles^®.
EXPERIMENTAL PROCEDURES
2.1 METHODS OF SMOKE PRODUCTION
2.1.1 Mainstream Smoke
The mainstream smoke studied in the experiments described below 
was produced in one of the two ways: (1) the syringe-puffed system,
or (2 ) the continuous-flow system.
In the early stages of this project, it seemed appropriate to 
mimic human smoking patterns in producing the smoke being studied9 . 
Thus, the smoking regimen of producing a 35-mL "puff" of two seconds 
duration every 20 seconds was used. This method was accomplished with 
the apparatus shown in Figure 1. To produce smoke using this appara- 
tus, the cigarette was inserted at Point A and lit using a common 
safety match. The cigarette was "puffed" by withdrawing the plunger 
of the syringe until the proper volume of smoke was obtained. The 
smoke was then expelled by turning the stopcock and depressing the 
plunger. Both the two-second puff interval (the time required to 
withdraw the plunger of the syringe) and the interval between "puffs" 
were timed using a stopwatch.
In the later stages of the project, it was more convenient to use 
the continuous-flow device shown in Figure 2. In this system, the 
syringe was replaced by a small electrical pump, the flow rate of 
which could be controlled with a variable transformer. (The flow rate 
was usually set at about 1050 mL/minute, the same flow rate produced 
using the syringe-puffed system.) The smoke was pulled from the
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Figure 2. Continuous-flow system for collecting mainstream smoke.
cigarette, through the particular apparatus being used, e.g. spin trap 
solution, and out the exit port of the pump.
The smoke, produced using the two methods described above, was 
usually filtered through a Cambridge filter^'® prior to its entrance 
into the experimental system. When using either of the smoking proce­
dures, the cigarettes were smoked down to a 20-mm butt length^.
2.1.2 Sidestream Smoke
Sidestream smoke was collected using the apparatus shown in 
Figure 3. This apparatus is a modification of the syringe-puffed 
system. Here, the cigarette is "puffed” at the standard regimen of 
one 35-mL puff of two-second duration taken every 20 seconds. In this 
case, however, the mainstream smoke that is withdrawn into the syringe 
is not used but is, instead, vented. The sidestream smoke that trails 
off the tip of the burning cigarette is collected inside the 3-neck 
flask and aspirated into the experimental system using the electrical 
pump from the continuous-flow system.
2.1.3 Collection of Tar
The tar samples used in these experiments were collected in three 
ways: (1) by trapping on a Cambridge filter, (2) by trapping on glass
wool or glass O-rings, and (3) by leaching the tar from the Cambridge 
filter, glass wool or O-rings into tert-butylbenzene.
Tar was collected on the Cambridge filter using both the syringe- 
puffed and the continuous-flow systems. The mainstream smoke from 
five or six 1R1 research cigarettes was aspirated through the filter 
and the filter removed from the apparatus. Some of the water was
To Spin-trap Solution, 
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and Pump
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Cambridge
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Q p \ 3 “ °y 150cc Syringe
Stopcock
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Figure 3. Sidestream smoke collection device.
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removed by placing the filter on a piece of absorbant paper. The
filter was then either cut into 2-nnn strips for direct ESR study or
the tar removed by leaching into tert-butylbenzene.
Tar was also collected by positioning an ESR tube, into which a 
plug of glass wool had been inserted, at Point C of the continuous- 
flow system (Figure 2). In this case, the unfiltered mainstream 
smoke from up to 20 1R1 research cigarettes was drawn through the
glass wool plug producing a dark brown, foul—smelling mass of viscous
material within the plug. The plug was then either removed in order 
to dissolve the tar, or the tar sample was studied directly by ESR 
without being removed from the ESR tube.
When large amounts of tar were needed (as for the fractionation 
experiments) a 25-mL test tube packed with glass O-rings (ca. 1-mm 
o.d.) was used in place of the glass-wool plug. The test tube was 
inserted at Point C of the continuous flow system and the unfiltered 
mainstream smoke drawn through the glass 0-ring packing via a section 
of glass tubing.
Solutions of tar were prepared by placing either a Cambridge 
filter, a glass wool plug or the glass O-rings, through which the 
mainstream smoke from the desired number of cigarettes had been 
pulled, into 25 mL of tert-butylbenzene. The suspension was stirred 
for about 30 minutes and the glass wool, filter fibers, or O-rings 
removed by filtration, leaving a dark brown solution of tar. The tar 
solution was then either studied directly by ESR for its free radical 
content or was fractionated and each fraction studied for its free 
radical content.
2.2 METHODS OF DETECTING RADICALS
2.2.1 Spin Trapping
Radicals in the gas phase of both mainstream and sidestream smoke 
were studied using a-phenyl-N-tert-butyl nitrone (PBN). In each case, 
a solution of PBN was prepared in tert-butylbenzene and placed in 
a vial or test tube attached at either Point B of the syringe-puffed 
apparatus or Point C of the continuous-flow system. When using the 
syringe-puffed system, the smoke was aspirated into the syringe, the 
stopcock turned, and the smoke bubbled through the spin-trap solution. 
With the continuous-flow system, however, the smoke was pulled 
directly through the spin-trap solution and then through the electri­
cal pump. In each case, only filtered smoke was used for spin 
trapping since it was previously shown that no spin-adduct ESR signal 
can be observed in solutions that contain significant amounts of 
tar50.
The hyperfine splitting constants (hfsc) and spin-adduct con­
centrations for the smoke spin adducts were measured relative to di- 
tert-butyl nitroxide using the method described in the Experimental 
section in Part I of this dissertation. Similarly, g-values were 
determined relative to 2,2-di-phenyl-1-picrylhydrazyl (DPPH) as 
described in the above-named section of Part I. Spin-adduct half- 
lives were determined by positioning the ESR magnetic field at the 
point of resonance of one of the spin-adduct peaks, setting the 
spectrometer scan width to "zero", and scanning the spectrum for a 
measured period of time.
2.2*2 Direct Detection
Radicals in tar adsorbed on Cambridge filters and glass wool 
plugs, and dissolved in tert-butylbenzene were studied directly by 
ESR. After collecting the smoke from five to six cigarettes (The 
Cambridge filter generally cracks after the smoke from more than six 
cigarettes has been filtered^.) the Cambridge filter was removed from 
the smoking apparatus and some of the water removed by blotting. The 
filter was then cut into 2-mm wide strips and the strips inserted into 
an ESR tube. Argon was blown through the tube for about five minutes, 
the tube stoppered, and an ESR spectrum obtained.
Tar from up to 20 cigarettes, collected on a glass wool plug 
inside an ESR tube, was deoxygenated by blowing argon through the ESR 
tube for five minutes, the tube stoppered, and an ESR specturm 
obtained.
Solutions of tar, prepared from tar adsorbed on a Cambridge 
filter, a glass wool plug, or glass O-rings, was placed in an ESR 
tube. The solutions were deoxygenated by bubbling argon through for 
five minutes and the tube stoppered. ESR spectra were then obtained.
2.3 RADICALS IN GAS-PHASE SMOKE
2.3.1 Mainstream Smoke
Spin Trapping with PBN. A 4.00-mL portion of a 0.10 M solution 
of PBN in tert-butylbenzene was placed in a 10-mL test tube that was 
attached at Point C of the continuous-flow apparatus shown in Figure 
2. Three 1R1 research cigarettes were smoked in succession to a 20-mm
butt length with the mainstream smoke filtered through a Cambridge 
filter. (The smoke traveled from the Cambridge filter and through the 
PBN solution as indicated by the arrows in Figure 2.)
About 1 mL of the smoke-PBN solution was transferred to a 
cylindrical, quartz ESR tube and deoxygenated by bubbling argon 
through for three minutes at a flow rate of 100 ml/minute. The ESR 
tube was then stoppered and ESR spectra obtained within five minutes.
The concentration of the spin-trapped radicals in this experiment 
was determined relative to standardized solution of di-tert-butyl 
nitroxide as described in Part I of this dissertation.
Half-life of Smoke-PBN Spin Adduct. The mainstream smoke from 
three 1R1 cigarette was bubbled through 4 HL of a 0.1 H solution of 
PBN in tert-butylbenzene using the syringe-puffed system at the stan­
dard regimen of one 35-mL puff of two seconds duration taken every 20 
seconds. Each cigarette was smoked down to a 20 mm butt length^.
About 1 diL of the spin-adduct solution was transferred to a quartz ESR 
tube and deoxygenated with argon for three minutes at a flow rate of
100 mL/minute. The ESR tube was then placed in the cavity of the ESR
spectrometer and the magnetic field positioned at the point of reso­
nance of the low field peak of the central doublet in the spin-adduct 
spectrum. The scan width of the ESR spectrometer was set to zero and
the spectrometer set to scan for one hour. The half-life of the spin
adduct, the time required to decay to 1/2 of its initial peak-height, 
was measured.
Production of Type III. To 3.00 mL of a 0.09 M solution of PBN 
in tert-butylbenzene in a 10-mL Erlenmeyer flask was added 3.00 mL of
a 2.1 M solution of acetyl peroxide in dimethyl phthalate. The flask 
was stoppered and the solution was allowed to stand at room tem­
perature for one hour. At the end of one hour, the solution had 
assumed a light blue color. About 1 mL of the blue solution was 
transferred to a cylindrical, quartz ESR tube and deoxygenated with 
argon for three minutes at room temperature. The tube was then stop­
pered and an ESR spectrum obtained.
The Effect of Smoke Washes on the Spin-Trapped Radicals. A 35-mL 
bubbling tube containing 25 mL of distilled water was inserted into 
the continuous-flow smoke path at Point A (See Figure 2). The 
filtered mainstream smoke from 4 1R1 research cigarettes was drawn 
through the water and then into 2 mL of a 0.1 K solution of PBN in 
tert-butylbenzene contained in a 4-mL test tube positioned at Point C 
of the continuous-flow apparatus. (The distilled water was replaced 
after the first two cigarettes.) Following the smoking, the PBN solu­
tion was removed from the apparatus and about 1 mL transferred to a 
cylindrical, quartz ESR tube. The solution was deoxygenated with 
argon for three minutes at 100 mL/minute, the ESR tube stoppered, and 
an ESR spectrum obtained.
The above experiment was repeated by bubbling the mainstream 
smoke through either 25 mL of benzene, 25 mL of 0.1 N NaOH, or 25 mL 
of 10% HCl before it entered the spin trap solutions.
The Detection of Superoxide in Mainstream Smoke. The presence of 
the superoxide anion radical in mainstream smoke was investi­
gated as follows: A 50-mL test tube containing 30 mL of borate buffer
at pH 8.1 was inserted at Point A of the continuous-flow apparatus 
(Figure 2). A 1.00-mL portion of a 0.10 M solution of PBN in tert-
butylbenzene was placed in a 4-mL test tube that was inserted at Point 
C of the apparatus. The mainstream smoke from four 1R1 cigarettes was 
bubbled through the buffer solution and then through the PBN solution. 
(The Cambridge filter was changed after the first three cigarettes and 
each cigarette was smoked down to a 20-mm butt length.) After the 
last cigarette was smoked, the PBN solution was removed from the 
smoking apparatus and 1 ml of the PBN solution transferred to a 
cylindrical, quartz ESR tube. The solution was then deoxygenated by 
flushing with argon for three minutes at a flow rate of 50 ml/minute. 
The ESR tube was then stoppered and an ESR spectrum obtained.
The above experiment was repeated using 30 mL of a 0.020 mg/mL 
solution of superoxide dismutase in borate buffer in place of only the 
borate buffer.
The Effect of Added Oxygen on the Spin-Trapped Radicals* The 
purpose of this experiment was to detemine whether the oxygen- 
centered radicals that are spin trapped are derived from the reaction 
of oxygen in the smoke stream with other radicals produced in the 
flame^. The continuous-flow apparatus was used with a gas line 
attached at Point A (Figure 2). Nitrogen was added to the smoke path­
way via the gas line at a flow rate of 100 ml/minute. The filtered 
mainstream smoke from three 1R1 research cigarettes was added to the 
nitrogen stream and the resulting mixture bubbled through 3.00 mL of a 
0.10 M solution of PBN in tert-butylbenzene in a test tube inserted at 
Point C. Following smoking, the PBN solution was remove from the 
apparatus and 1 mL placed in a cylindrical, quartz ESR tube. The 
solution was deoxygenated by flushing with argon for three minutes at 
a flow rate of 50 mL/minute. The ESR tube was then stoppered and an
ESR spectrum obtained.
The experiment was repeated with 100% oxygen and with air added 
to the smoke stream at Point A at 100 mL/minutes. Both experiments 
were compared to the case in which no gas was added to the smoke 
stream. The three gases were also added at Point B of the apparatus 
in Figure 2. (This point is 60 cm further away from the cigarette than 
is Point A.)
2.3.2 Spin Trapping Radicals from Sidestream Smoke
This experiment was designed to determine whether radicals could 
be spin trapped from sidestream smoke and to attempt to identify those 
radicals. The apparatus shown in Figure 3 was used for collecting 
sidestream smoke. With the pump operating at 1500 ml/minute, three 
1R 1 research cigarettes were smoked at the standard regimen of one 
35-mL puff of two-second duration taken every 20 seconds. The smoke 
was collected inside the 3-neck flask, aspirated through the Cambridge 
filter and into 3.00 mL of a 0.10 M solution of PBN in tert-butyl- 
benzene contained in a test tube. The spin-adduct solution was then 
removed from the apparatus and 1.00-ml transferred to an ESR tube.
The solution in the ESR tube was deoxygenated by flushing with argon 
for three minutes, the ESR tube stoppered, and an ESR spectrum 
obtained.
The yield of spin-trapped radicals was determined by comparing 
the peak-height of the low field doublet in the sidestream spin-adduct 
spectrum to that from a standardized solution of di-tert-butyl 
nitroxide (See Section 2.3.5 of Part I.).
The half-life of the sidestream smoke spin-adduct of PBN was
d e te r m in e d  by  p o s i t i o n i n g  t h e  m a g n e t ic  f i e l d  r e s o n a n c e  p o i n t  d i r e c t l y  
a t  t h e  low  f i e l d  p e a k  o f  t h e  c e n t r a l  d o u b le t ,  s e t t i n g  t h e  ESR s p e c t r o ­
m e te r  t o  a  s c a n  w id th  o f  " z e r o " ,  a n d  s c a n n in g  f o r  o n e  h o u r .
2.4 FREE RADICALS IN TAR
2.4.1 Attempted Spin Trapping of the Tar Radicals
A Cambridge filter containing the tar from three 1R1 research 
cigarettes was cut into 2-mm strips and the strips added to 5.00 mL of 
a 0.1 M solution of PBN in tert-butylbenzene. The suspension was 
stirred until most of the tar had been eluted from the filter and into 
the solution. A 1-mL portion of the solution was transferred to an 
ESR tube and then flushed with argon for three minutes. The tube was 
then stoppered and an ESR spectrum obtained.
The sample in the ESR tube was oxygenated by bubbling commercial 
tank oxygen through for three minutes. The tube was then stoppered 
and a second ESR spectrum obtained.
2*4.2 The Effect of Oxygen on the Tar Radical ESR Spectrum
A solution of the tar from three 1r 1 research cigarettes was pre­
pared in tert-butylbenzene. The solution was deoxygenated by flushing 
with argon at 100-mL/minute for three minutes, the ESR tube stoppered, 
and an ESR spectrum obtained. The experiment was then repeated with 
the tar solution being oxygenated by bubbling commercial tank oxygen 
through at 100-mL/minute for three minutes. The two ESR spectra were 
then compared.
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2.4.3 Quantitation and q-Value Determination of Radicals In Tar
pared in 4.00 mL of tert-butylbenzene. About 1 ml of this solution 
was transferred to an ESR tube and deoxygenated by flushing with argon 
at 100 mL/minute for three minutes. The tube was then stoppered and 
an ESR spectrum obtained.
A solution of DPPH was prepared in tert-butylbenzene and standar­
dized at 6.9 x 10“® M by spectrophotometry at 530 nm ( £= 11,700 
H”  ^ cm“I)72. ft 1-mL portion of the DPPH solution was transferred 
to an ESR tube and deoxygenated by flushing with argon for three minu­
tes. The ESR tube was then stoppered and an ESR spectrum obtained.
The first derivative spectra of the tar radical and of DPPH were 
cut out and weighed and the concentration of radicals in the tar solu­
tion calculated as follwos:
The number of spins {free radicals) per gram of tar (the commonly-accepted
The g-value of the tar radical was calculated relative to DPPH 
(g = 2.0036)41, using the following formula:
A solution of the tar from five 1R1 research cigarettes was pre-
[Tar Radical] Wt. Tar Spectrum DPPH Gain Wt. DPPH Spectrum x Tar Gain x [DPPH] (1)
unit of free radical concentration in cigarette smoke42-44,47“52) was
then calculated as follows assuming 0.1 gram of tar per cigarette-*'
Spins/gram = [Tar Radicals] x 6.02 x 1022 spin/mole x
4 x 10~3 liters of soln. 1 cigarette
5 cigarettes 0.10 g of tar (2)
gTar %pph x ■DPPH
Tar
Tar
DPPH
(3)
where HDppH and HTar are the respective magnetic field strengths at 
resonance for DPPH and the radicals in tar, and V^DPPH and Pg>ar are bke 
respective microwave frequencies.
2.4.4 Fractionation of Tar
The tar from mainstream smoke was fractionated using a variation 
of the method of Stedman^ shown in Figure 4. The smoke from 20 1R1 
research cigarettes, smoked using the continuous-flow system, was 
collected by being drawn through a 25-mL test tube packed 3/4 full 
with glass O-rings. The O-rings, which had become brown and sticky 
from the tar, were transferred to a 50-mL Erlenmeyer flask. To the 
flask was added 25 mL of tert-butylbenzene and the mixture stirred 
until the tar had been removed from the glass and was in solution.
The glass particles were then filtered from the mixture and the tert- 
butylbenzene solution washed with two 10-mL portions of 1 N NaOH.
The tert-butylbenzene layer (No. 1 in Figure 4) was extracted with two 
10-mL protions of 10% HCl and the HCl extracts combined. The HCl 
extract (the aqueous base fraction) is labeled No. 2 in Figure 4. 
Following removal of the aqueous layer, the tert-butylbenzene layer 
was observed to contain a brown precipitate. Therefore, the tert- 
butylbenzene layer was centrifuged at 1500 rpm for 15 minutes and the 
supernatant removed. The precipitate was labeled Fraction No. 3.
The supernatant (Fraction No. 4) was evaporated to dryness under 
vacuum at room temperature and the residue redissolved in 25 mL of 80% 
aqueous methanol. The methanolic solution was extracted with two 
10-mL portions of cyclohexane and the cyclohexane extracts combined as
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T a r  i n  t-B u P h
1N NaOH
t-BuPh (No. 1)_________ NaOH (No. 9)
10% HCl to pH 6
t-BuPh
Aqueous bases 
(No. 2)
Neutrals
Aqueous (No. 12)t-BuPh
Centrifuge
Centrifuge to pH 1
t-BuPh
Basic Pigments 
(No. 3)
Supernatant Acid Pigments Supernatant 
(No. 4) (No. 10)(No. 11)
Evaporate
Solvent
t-BuPh 
(No.13)
Aqueous 
(No. 14)Redissolve in
80% MeOH
Cyclohexane
Cyclohexane MeOH
(No. 5) (No. 6 )
Nitromethane
Nitromethane Cyclohexane 
(No. 7) (No. 8 )
Figure 4. The Stedman fractionation of t a r 7 -*.
T.
Fraction No. 5; the methanol layer which remained was labeled Fraction 
No. 6 . The cyclohexane layer was then extracted with two 10-fflL por­
tions of nitromethane and the nitromethane layer designated Fraction 
No. 7; the remaining cyclohexane layer was labeled Fraction No. 8 .
The initial NaOH extract (Fraction No. 9) was acidified to pH 6 
using concentrated HCl. The solution was then extracted with two 
10-mL portions of tert-butylbenzene and the extracts combined. At 
this point, the tert-butylbenzene solution was observed to contain a 
precipitate and was, therefore, centrifuged at 1500 rpm for 15 minu­
tes. The supernatant was removed and labeled Fraction No. 10 while 
the precipitate was labeled Fraction No. 11.
The pH 6 aqueous layer remaining after the tert-butylbenzene 
extraction (Fraction No. 12) was further acidified to pH 1 using 
concentrated HCl and then extracted with two 10-mL portions of tert- 
butylbenzene. This extract was labeled Fraction No. 13 and the 
aqueous layer Fraction No. 14,
Portions of each of the 14 fractions were placed in separate ESR 
tubes, the non-polar solutions in cylindrical ESR cells and the polar 
solutions in a flat cell. Each was then examined for its free radical 
content.
RESULTS
3.1 RADICALS IN GAS-PHASE SMOKE
3.1.1 Mainstream smoke
Figure B shows the spin adduct ESR spectrum that is obtained 
when the mainstream smoke from four 1R1 research cigarettes is bubbled 
through a 0.1 M solution of PBN in tert-butylbenzene (Subsection 
2.3.1, p. 201). The spectrum consists of a doublet of triplets with 
a(N) = 1.391 mT and a(H) = 0.195 mT, a triplet with a(N) = 1.05 mT and 
a second triplet with a(N) = 0.810 mT. The doublet of triplets has 
nuclear hyperfine splittings that are consistent with a PBN-alkoxyl 
radical spin a d d u c t , ). (a  list of spin-adduct splitting constants 
is found in Table VI on page 90 of Part I of this dissertation.) The
Ph-CH-N(0 *)-C(CH3 )3 
RO
2
first of the two triplets has not been identified since no such spin- 
adduct hyperfine splitting has thus far been published in the spin 
trap literature. The second of the two triplets (that with a(N) = 
0.810 mT) is identified as N-benzoyl-N-tert-butyl nitroxide (PBNOx),
2_, an oxidation product of PBN7^.
Ph-CO-N(O *)“C(CH3 )3 
2
The concentration of spin-trapped alkoxyl radicals was determined 
relative to a standardized solution of di-tert-butyl nitroxide and 
found to be 1.5 x 10^  spins per cigarette. Using the continuous-flow
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Figure 5. Types X, II, and III ESR signals from spin trapping 
mainstream smoke using PBN; JEOL spectrometer; Field 3220.0 mT; scan 
Range 10.0 mT; Modulation Amplitude 0.26 mT; Scan Time 7.5 Minutes; 
Time Constant 0.1 sec; Gain 2.5 x 102 .
system, about 0.1 gram of tar is produced per cigarette. Thus, the 
spin-adduct concentration can be expressed as 2.5 x 1 0 ^  spins per 
gram of tar.
The half-life of the alkoxyl radical-PBN spin adduct, produced by 
spin trapping the free radicals in the smoke from three 1R1 research 
cigarettes, is about 39 minutes at room temperture in tert- 
butylbenzene .
3.1.2 Production of Type III Signal
Figure 6 shows the ESR spin-adduct spectrum that is produced 
when a solution of acetyl peroxide is photolyzed in the presence of 
PBN (Subsection 2.3.1, p. 202). The spectrum consists of a weak 
doublet of triplets with a(N) = 1.390 and a(H) = 0.219 mT, and a 
strong triplet with a(N) = 0.814 mT. The doublet of triplets has 
hyperfine splittings that are consistent with a spin-trapped alkoxyl 
radical, 1_, (See Table VI of Part I). The triplet splittings are 
close to both the published values for PBNOx, and the values
obtained for the Type III signal^.
3.1.3 The Effect of Smoke Washes on the Spin-Trapped Radicals
Figure 7a shows the ESR spin-adduct spectrum that is produced 
when the smoke from four 1R1 research cigarettes is bubbled through 25 
mL of distilled water prior to being bubbled through a 0.1 M solution 
of PBN in tert-butylbenzene (Subsection 2.3.1, p. 203. The spectrum 
shows the usual Types I, II, and III signals: a doublet of triplets
with a(N) = 1.390 and a(H) = 0.196 (the alkoxyl adduct), a triplet 
with a(N) *= 1.04 mT (the unknown adduct), and a second triplet with
I 00 mT
Figure 6 . Type III signal (PBNOx) produced from the reaction of PBN 
with acetyl peroxide; JEOL spectrometer; Field 339.0 mT; Gain 2.5 x 
10^; Modulation Amplitude 0.26 mT; Scan Time 7.5 minutes.
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Pigure 7. Mainstream smoke from 4 1R1 cigarettes bubbled through (a) 
distilled H2O and <b) 0.1 N NaOH and then into PBN. JEOL 
spectrometer; Field 338.0 mT; Scan Range 2.5 mT; Modulation Amplitude 
0.26 mT; Gain 2.5 x 102; Scan Time 7.5 minutes.
a(N) = 0.810 mT (PBNOx).
Figure 7b shows the ESR spectrum that is obtained when the
above experiment is repeated with the smoke bubbled through 25 mL of
0.1 M NaOH before being bubbled through the PBN solution. The 
spectrum consists of the same three signals as the above experiment, 
in this case, however, the Type II signal (the triplet with a(N) = 
0.104 mT) is much weaker relative to the other two.
When the above experiment is repeated with the smoke bubbled 
through 25 mL of a 10% solution of HCl prior to entering the PBN 
solution, the wash turns yellow-green with a considerable amount of 
foaming. The ESR spectrum shows no discernible signals.
3.1.4 The Detection of Superoxide in Mainstream Smoke
Figure 8a shows the ESR spectrum that is obtained when the
washing experiments above are repeated with the smoke bubbled through 
30 mL of a 0.020 mg/mL solution of superoxide dismutase in borate 
buffer (Subsection 2.3.1, p. 203. The spectrum consists of only the 
Type I and II signals. (No PBNOx signal is present.) When the experi­
ment is repeated with the smoke bubbled through the borate without 
SOD, the spectrum shown in Figure 8b is obtained. In this case, all 
three types of signals are observed.
3.1.5 The Effect of Added Oxygen on the Spin-Trapped Radicals
When either nitrogen, oxygen, or air is added to the smoke stream 
at Point A of the continuous-flow apparatus shown in Figure 2 
(Subsection 2.3.1, p. 204), ESR spectra consisting of the Type I, II, 
and III signals are obtained. The intensities of the alkoxyl spin
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Figure 8 . Mainstream smoke from 4 1R1 cigarettes bubbled through (a) 
phosphate buffer and (b) phospate buffer containing 20 ug/mL SOD and 
then into PBN; JEOL spectrometer; Field 326.0 mT; Scan Range 10.0 mT; 
Modulation Amplitude 0.26 mT; Gain 2.5 x 102; Scan Time 7.5 minutes.
adduct spectra, however, depend on the amount of oxygen added, as 
shown in Table III. This signal enhancement by oxygen is also 
observed when the gases are added to the smoke stream at Point B, just 
prior to its entrance into the PBN solution. In addition, the inten­
sity of the spin-adduct spectrum for a particular gas is the same 
whether that gas is added at Point A or at Point B.
3.1.6 Spin Trapping of Radicals from Sidestream Smoke
Figure 9 shows the ESR spectrum obtained when the sidestream 
smoke from three 1R1 research cigarettes is collected using the 
apparatus shown in Figure 3 and then bubbled through 3.00 mL of a 0.10 
M solution of PBN in tert-butylbenzene (Subsection 2.3.2, p. 205).
The spectrum consists of a doublet of triplets with a(N) = 1.344 and 
a(H) = 0.177 mT. These splittings are consistent with the PBN spin 
adduct of an oxygen-centered radical, although it is neither alkoxyl 
nor peroxyl (Table VI of Part I)^2. The only PBN spin adducts 
reported with similar splittings are the acetyloxyl adduct, 3^ , [a(N)
= 1.360 and a(H) = 0.180 mT], and the methoxycarboxyl adduct, 4_, [a(N) 
= 1.340 and a(H) = 0.167 mT] of PBN. Neither the Type II nor the 
Type III signals are observed in the spin-adduct spectrum from side­
stream smoke.
Ph-CH-N(O .)-C(CH3 )3 
CH3C06
3
Ph-CH-N(O .)-C(CH3 )3
ch3oco6
4
The concentration of the spin adducts produced from the side-
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Table III- The Effect of Added Gases on PBN-Smoke Spin Adducts 
Gas Added Spin Adduct Attenuation Peak Height I
P“ k Hel8ht * Attenuation =  1
02 11.00 cm 2.8 X  102 3.9 x 10-2 3.5
N2 3.63 cm 3.2 x 102 1.1 x 10-2 (1)
Ar 3.70 cm 3.2 x 102 1.2 x 10~2 1
None 6.83 cm 3,2 x 102 2,1 x 10-2 1.9
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Figure 9. Sidestream smoke from 3 1R1 cigarettes bubbled through PBN. 
Varian spectrometer; Field 333.54 mT; Scan Range 10.0 mT; Modulation 
Amplitude 0.063 mT; Gain 8x10^; Scan Time 4 minutes.
stream smoke is about 6 x 10^  spins per gram of tar (based on 0.1 
grams of tar per cigarette) and the half-life of this nitroxide is 
about 41 minutes.
3.2 FREE RADICALS IN TAR
3.2.1 The Tar Radical
Figure 10a shows the ESR spectrum that is obtained when the 
mainstream smoke from three 1R1 research cigarettes is trapped on a 
Cambridge filter, the filter cut into 2-ram wide strips, and a 2 x
4.5-mm strip inserted into an ESR tube for analysis (Section 2.1.3, 
p. 197). The spectrum consists of a broad singlet signal that has a 
peak-to-peak linewidth of 0.600 mT and a g-value of 2.003 (determined 
relative to DPPH).
Figure 10b shows the ESR spectrum that is obtained when the
mainstream smoke from one 1R1 research cigarette is trapped in a
glass wool plug and subjected to ESR analysis (Section 2.1.3, p. 199). 
The spectrum consists of a broad singlet with a peak-to-peak linewidth 
of 0.629 mT and a g-value of 2.003.
Figure 10c shows the ESR spectrum that is obtained When the
mainstream smoke from 20 1R1 researech cigarettes is trapped on glass
O-rings and then eluted into 25 mL of tert-butylbenzene (Section 
2.1.3, p. 199). The spectrum consists of a singlet with a peak-to- 
peak linewidth of 0.843 mT and a g-value of 2.003.
Figure 10d shows the ESR spectrum resulting from sidestream 
smoke from three 1R1 trapped on a Cambridge filter and the filter cut 
into 2 mm strips that were inserted into the ESR tube (Section 2.1.3,
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Figure 10. Tar radical from 1R1 cigarettes, (a) on a Cambridge 
filter, (b) on glass wool, (c) dissolved in tert-butylbenzene, and (d) 
tar radical from sidestream smoke on a Cambridge filter. Varian 
spectrometer; Field 335.10 mT; Scan Range 20.0 mT; Modulation 
Amplitude 0.063 mT; Gain 2.5 x 10^; Time Constant 0.5 sec; Scan Time 4 
minutes.
p. 197). The spectrum appears to consist of more than one radical 
since the signal is highly assymetrical.
When tar is added to a 0.1 H solution of PBN and the resulting 
solution subjected to ESR analysis (Subsection 2.4.1, p. 206), only 
the broad singlet spectrum is observed.
3.2.2 The Effect of Oxygen on the Tar Radical Spectrum
Figure 11a and 11b show ESR spectra of the free radicals in a 
solution of tar prepared from the smoke of three 1R1 research cigar­
ettes. The spectrum in 11a is that of the deoxygenated solution and 
is the normal broad singlet with peak-to-peak linewidth of 0.790 mT 
and g = 2.003. The spectrum in Figure 11b is of the same sample 
after 10 minutes bubbling with oxygen. In this case, the spectrum 
shows the same broad singlet, only at a lower intensity. When the 
sample is flushed with argon once more, the original sharp singlet 
peak is restored.
3.2.3 Fractionation of Tar
Table IV shows the fractions that are produced when a solution 
of tar in tert-butylbenzene is subjected to the fractionation scheme 
shown in Figure 4. Most of the free radicals are detected in the 
two precipitates (Fraction No. 3 and Fraction No. 11). The small 
amount of radicals in Fraction No. 4 probably comes from some of the 
precipitate (Fraction No. 3) not removed during the centrifugation. 
(The radical concentrations are expressed in a qualitative manner 
since it is not possible to reliably quantitave radicals under such 
diverse conditions (e.g. different solvents and types of ESR tubes).
Z2k
A
B
1.00 mT
Figure 11. (a) Deoxygenated tert-butylbenzene solution of tar radical
(b) Oxygenated tert-butylbenzene solution of tar radical. Gain = 5.0 
x 10^, Field = 335.22 mT, Power = 0.9 mW, Frequency - 9.430 GHz, Scan 
Range = £■ 20.0 mT, Time Constant ~ 0.5 sec. Modulation Amplitude =
0.63 x 10 G.
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Table IV, Results of Stedman Fractionation
Fractions Number Radicals Detected Comments
1 Yes Broad Singlet
2
3 Yes Very Strong Signal
4 Yes Very Weak Signal
5
6
7
8
9 Yes Broad Singlet
10
11 Yes Very Strong Signal
12
13
14
DISCUSSION
4.1 RADICALS IN GAS—PHASE CIGARETTE SMOKE
4.1.1 Mainstream Smoke
Spin Trapping. Spin trapping the radicals from mainstream 
cigarette smoke results in the PBN spin adduct of an alkoxyl radical, 
PBNOx, an oxidation product of PBN, and an unknown spin adduct. It 
comes as no surprise that no carbon-centered radicals are spin trapped 
since any carbon-centered radicals in the smoke stream would react 
with oxygen at diffusion-controlled rates to form oxygen-centered 
radicals^:
fclSt
R- + 02 -------- > ROO* (4)
ROO* ----- > [ROOOOR]  > RO* (5)
Although the atmosphere in the vicinity of the burning cone is pri­
marily reducing3 '9, once the smoke has traveled from the burning 
cone to the rear tip -of the cigarette, it becomes diluted to about 
12% with oxygen®. From that point, the smoke must travel the 
additional distance from the cigarette to the spin trap solution (at 
least 35 cm), allowing plenty of time for the oxygen-scavenging reac­
tions (Equation 4) to occur.
The addition of oxygen to the smoke stream (Subsections 2.3.1 and 
3.1.5) causes an increase in the alkoxyl spin-adduct signal intensity 
(Table III), a result predicted by the above discussion. This result 
also suggests that there Eire carbon-centered radicals still present in 
the smoke stream that react with the additional oxygen to produce
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more alkoxyl radicals. Even the most stable carbon-centered radicals 
react with oxygen with second order rate constants near 10® or 
1010 m” 1 sec"1 (74)  ^ however, making it unlikely that a carbon- 
centered radical could exist in an environment containing 12% oxygen 
for any given period of time.
In addition to scavenging carbon-centered radicals in the smoke 
stream, oxygen may actually be responsible for the production of the 
carbon-centered radicals. As indicated in the Introduction to this 
part of this dissertation (Subsection 1.4.1) cigarette smoke contains 
a high concentration of nitrogen oxides, particularly nitric oxide 
( N O ) 3 * 9 .  Nitric oxide, a free radical itself, has been shown to be 
rapidly oxidized in the smoke stream to the more reactive free 
radical, nitrogen dioxide (NO2 ) in the presence of oxygen"*®:
NO + 0.5 02 -------- > N02 (6 )
The reactions of N02 with olefins have been studied44"46'^® and 
have been shown to procede by a combination of allylie hydrogen 
abstraction (Equation 7) and addition to the olefinic double bond 
(Equation 8 ).
N02 + RCH2CH=CHCH2R -------- > RCN^tH—CHCH2R + HONO (7)
N02 + RCH2CH=CHCH2R  > RCH2CH-CHCH2R (8 )
»°2
2
Cigarette smoke contains numerous types of olefins including mono­
olefins, dienes, and terpenes®. As indicated in the Introduction 
(Subsection 1.5.2), Tully et. al.4^ detected fine structure in 
the ESR spectrum of condensed smoke that is very similar to the fine
structure produced when N02 is bubbled through a solution of an olefin
at low temperature4^ /46 <
Thus, it appears likely that at least one of the mechanisms of 
radical production in cigarette smoke involves either Equation 7 or 
Equation 8 . In the presence of oxygen, 2  and 2  are rapidly scavenged 
to produce peroxyl and, eventually, alkoxyl radicals via reaction of 
the peroxyl radicals with NO76:
1  + o2 ------- > RCH-CH=CHCH2R (9)
00*
3
2 + o2 ------- > RCH2CH CHCH2R (10)
Ao2 00*
4
2  + NO ------- > RCH-(j:H=CHCH2R + no2 (11)
o*
5
4 + NO ---------> RCH2CH CHCH2R + N02 (12)
no2 o*
6
The alkoxyl radicals produced in Equations 5 and 6 may not necessarily 
be those that are spin trapped since the initial peroxyl and alkoxyl 
radicals are capable of themselves either abstracting allylic hydro­
gens or adding to olefinic double bonds to produce secondary radicals 
that could then be spin trapped74.
The oxidation of NO to N02 and the subsequent reaction of N02 with 
olefins present in the smoke presents a logical mechanistic pathway 
to explain the pathlength effect”*0: the continuous formation of
N02 from NO in the smoke stream provides a steady-state concentration
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of reactive radicals (NO2 ) in the smoke as long as there is NO still 
present. The reactions of NO2 with olefins (Equations 7 and 8 ) occurs 
with great facility^ while the termolecular reaction of NO with oxy­
gen to produce NO2 (Equation 6 ) occurs more slowly^8 . In this case, 
the formation of N02 is the rate determining step in the radical 
series (Equations 6 through 12) involved in the production of the 
alkoxyl radicals that are spin trapped.
Thus, NO, formed during the smoking process3 '8 , is slowly con­
verted to NO2 by the dilution air as the smoke is drawn down the stem 
of the cigarette or the tubing through which the smoke travels during 
the spin-trapping experiments. Once formed, NO2 quickly reacts with 
olefins either in the gas phase or after the smoke has entered the 
trapping solution, to form the carbon-centered radicals shown in 
Equations 7 and 8 . The carbon-centered radicals are quickly con­
verted to alkoxyl radicals (Equations 9-12) that are then spin 
trapped.
T he f a i l u r e  t o  d e t e c t  s p i n - t r a p p e d  r a d i c a l s  when t h e  smoke h a s  
f i r s t  b e e n  b u b b le d  t h r o u g h  an  a q u e o u s  s o l u t i o n  o f  HCl p r i o r  t o  b e in g  
b u b b le d  t h r o u g h  t h e  s p i n - t r a p  s o l u t i o n  s u g g e s t s  t h a t  t h e  r a d i c a l  p r e ­
c u r s o r  i s  somehow c a p a b le  o f  r e a c t i n g  i n  a q u e o u s  s o l u t i o n  w i th  
i n o r g a n i c  a c i d s  s u c h  a s  H C l.
Superoxide. The presence of the superoxide anion radical in 
mainstream smoke is also no surprise in view of the presence of both 
oxygen and electrically-charged species in the smoke3 '8 . Superoxide 
is formed from the one-electron reduction of oxygen,
02 + e“  -------- > 02" (13)
and occurs in various enzymatic systems as a by-product of drug- 
met abolism**®. Superoxide is itself a free radical and is capable of 
initiating further radical reactions via a second one-electron 
transfer reaction, particularly to peroxidic material such as alkyl 
hydroperoxides^®:
02" + ROOH --------- > RO” + 02 + HO* (14)
In these reactions, the highly reactive hydroxyl radical, HO*, is 
formed. HO* reacts with most organic compounds at very fast rates^ 
to either abstract hydrogen or add to olefinic double bonds resulting 
in considerable oxidative damage when the organic compounds happen to 
be part of a living system**®. The protective enzyme, superoxide 
dismutase, generally is found in biological system where superoxide is 
produced®®, and catalyzes the conversion of superoxide to water and 
oxygen,
2 02" + 2 H+ --- — ----> H20 + 02 115)
In a smoker's lungs, however, there is no protection by SOD and the 
inhalation of superoxide along with the smoke provides another route 
to free radical damage to the lungs of smokers.
In the spin trapping experiments, superoxide provides another 
means for producing PBN O x ^ . PBNOx has been shown to be produced by 
several oxidizing agents including chlorine and bromine atoms, pera- 
cids, and inorganic oxidants such as permanganate®^. In this case, 
it is not possible to determine whether or not PBNOx is produced from 
superoxide directly or as a result of secondary reactions such as in 
Equation 14.
4.1.2 Sidestream Smoke
The radicals spin trapped from sidestream smoke appear to be dif­
ferent from those in mainstream smoke. Although oxygen-centered radi­
cals are spin trapped in both cases, the sidestream smoke radicals 
appear to be acyloxyl radicals rather than, alkoxyl radicals. Acyloxyl 
radicals can be produced from the oxidation of aldehydes in the pre­
sence of oxygen8^:
R* + RCHO ---------- > RH + RC=0 (16)
RC=0 + 02 ---------- > RC(=O)0O- (17)
RC(=0)00* ------- >  > RC(=0)0* + 0.5 02 (18)
Cigarette smoke contains numerous aldehydes including acetaldehyde, 
formaldehyde, and acrolein3'8 . These, along with other volatile 
constituents of smoke, were listed in the 1972 Surgeon General's 
Report as being "suspected contributors to the health hazards of 
smoking”83. In addition, these appear to be inhibitors of ciliary 
movement and lung clearence84. Thus, it is not inconceivable that the
toxicity of aldehydes in smoke is due to thier conversion to free
radicals as in Equation 16-18.
interestingly, the concentration of radicals spin trapped from 
sidestream smoke is about 40% of the concentration of the radicals 
spin trapped from mainstream smoke. This indicates that smokers allow 
nearly the same amount of radicals to enter the air in their vicinity 
as they inhale. If it is the free radicals in the smoke that are 
responsible for the pathological damage caused by the smoke, then non- 
smokers in the vicinity of the smokers are exposed to the same dangers 
to which the smokers themselves are exposed.
4.2 RADICALS IN TAR
Both mainstream and sidestream smoke contains a stable radical 
population that persists indefinitely as determined by ESR (Subsection 
3.2.1). In each case, the ESR signal consists of a broad singlet peak 
(Figures 10a - 10d), although the lack of complete symmetry in the
of symmetry is more pronounced in the sidestream smoke tar radical 
spectrum shown in Figure 10d.) The radicals in tar can not be spin 
trapped. Although the ESR signal caused by the tar radical is 
broadened when oxygen is bubbled through a solution of the radical, 
a subsequent deoxygenation with argon restores the signal to its ori­
ginal shape. (This is a physical phenomenon due to spin-spin interac­
tions between paramagnetic oxygen and the tar radical^.) The ESR 
signal of the tar radical is detected both when the tar is adsorbed on 
a solid surface and when the tar is dissolved in solution. When a 
solution of tar is fractionated according to the fractionation scheme 
shown in Figure 4^), most of the free radical signal is detected in 
fractions number 3 and 6 ; these fractions are known to contain the 
tobacco leaf pigments®.
T he to b a c c o  p ig m e n ts  a r e  p o ly p h e n o l i c  p ig m e n ts  fo rm e d  d u r in g  t h e  
t o b a c c o  c u r i n g  p r o c e s s  b y  t h e  a c t i o n  o f  o x i d a t i v e  enzym es on  s u b s t i ­
t u t e d  h y d r o q u in o n e s  s u c h  a s  c h l o r o g e n ic  a c i d :
peak may indicate the presence of unresolved splittings^. (The lack
OOCCH
IIOOC A
Tyrosinase
■> Tobacco Leaf (19) 
Pigments
H OH
CHLOROGENIC ACID
These high molecular weight polymers (m.w. = 4000-30,000) accumulate 
in the tobacco leaves during curing and have been associated with the 
quality (e.g. taste, aroma) of the cured tobacco25-29^
During the smoking process, the tobacco leaf pigments are expelled 
from the burning tobacco and into the smoke stream as a result of 
cellular explosions in the burning tobacco caused by superheated water 
in the cells-*'®. The pigments pass through the burning process with 
some small alterations in their physical properties such as increased 
molecular weight and a decrease in the amount of unreacted chlorogenic 
acid still present. The pigments have been isolated from cigarette 
smoke and their physical and chemical properties studied, although 
only to a limited extent. They are usually dark brown tarry material 
that can be separated into several fractions based on solubility and 
molecular weight3^.
The mechanism for the formation of the tobacco pigments is 
remarkably similar to that for the formation of the skin and hair 
pigment, melanin, and involve the same polyphenol oxidative enzyme, 
tyrosinase30'3? :
110— P  "■ cii2citeo2i[ Tyrosinase ^
I 2 — 1---------> MELANINS (20)
KJU
5,6-DIHYDROXYPHENYLATANINE 
(DOPA)
Melanins comprise a large group of polymeric pigments that are 
produced by oxidation of substituted hydroquinones such as 
dihydroxyphenylalanine (DOPA) and tyrosine by oxidative enzymes such 
as tryosinase in vivo30 and by oxygen in vitro3?. Melanins are
characterized by each possessing an inherent free radical ESR 
signal3 1. The melanin free radicals have been studied extensively in 
the past few years and have been found to always exhibit a broad 
singlet ESR peak that does not change in intensity or shape at room 
temperature. Melanins perform the important biological function of 
photoprotection3® '3 1 ,37 antj darken on exposure to ultraviolet light3-*.
The remarkable similarities in both the mechanisms of formation 
and the physical and ESR properties of melanins and the tobacco leaf 
pigments make it appear likely that each must possess numerous other 
properties in common. Melanins, for example, have been shown to exhi­
bit some nutagenic properties®® and the tobacco leaf pigment have been 
shown to have co-carcinogenic properties®®. Of ever more improtance 
is the observation the photolysis of melanins in the presence of mole­
cular results in the production of the highly reactive species, 
superoxide (02“ ) and hydroxyl radical (H0‘) as determined by spin 
trapping3^ •
Melanin ■ light, Og ^ ho* + 0p~ (21)
The suggestion that the fraction of tobacco smoke tar that con­
tains the free radical signal is both novel and important since a new 
and potentially toxic material has been found in the smoke. Although, 
as in the case of melanins, the nature and properties of the free 
radical remains unknown, the fact that a free radical is inhaled by 
smokers and remains in the lungs for an indefinite period of time 
should be a matter for serious concern and further research.
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